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Message from the Chairman 
Australian and New Zealand Section of The Combustion Institute 
 
The Australian Combustion Symposium is a key biennial event in the calendar of the Australian and 
New Zealand Section of the Combustion Institute. It provides an excellent opportunity for our 
“budding” combustion scientists and research students to mingle with others and to present recent 
advances in their respective fields. The 2013 conference has two special features: (i) it is the first time 
that it is held in Western Australia, and (ii) it is dedicated to celebrating the 70th birthday and 
exemplary career of Professor Terry Wall AM FTSE. Congratulations Terry! 
 
Following the generous donations made by Professor Dongke Zhang FTSE and then by Professor 
Terry Wall AM FTSE, the perpetual Terry Wall Best Student Paper Award has been established to 
become a regular feature of this conference. It will be awarded this year for the first time.  
 
Combustion has never been so important considering current concerns over energy security and 
environmental pollution. The need to burn cleanly and efficiently remains a challenge to the 
international community and the theme of our 2013 conference “Combustion Research Improving 
Industrial Productivity” attempts to focus on the close connection between combustion science and 
engineering. The conference program brings together an excellent suite of invited speakers and draws 
a record number of contributed papers that address a wide range of topics covering basic and applied 
combustion.  
 
Earlier this year, our community was saddened by the loss of one of its valued members, Professor 
Sam Luxton who passed away on the 24th of May 2013. Sam was an outstanding researcher, a 
brilliant communicator and an inspiring leader who was loved and respected by our community. Our 
section mourns the loss of Sam as an active member of the Combustion Institute and dedicates in this 
conference a Memorial Session to celebrate his life and achievements. An obituary for Sam was also 
distributed to our members.  
 
As Chairman of the ANZ-Section and on behalf of all our membership and delegates, I would like to 
thank Winthrop Professor Dongke Zhang FTSE, from The University of Western Australia and his 
outstanding team of organizers for their tireless work and dedication in making the 2013 Australian 
Combustion Symposium an outstanding success. Our thanks also go to: 
 
Dr Mingming Zhu, The University of Western Australia  
Dr Yu Ma, The University of Western Australia 
Dr Kai Zeng, The University of Western Australia 
Dr Yun Yu, Curtin University 
Dr Yasir Al-Abdeli, Edith Cowan University 
A/Prof Hari Vuthaluru, Curtin University 
Mr Zhezi Zhang, The University of Western Australia   
Ms Yii Leng Chan, The University of Western Australia 
 
We hope you enjoy this conference and we look forward to seeing you at the upcoming 35th 
International Combustion Symposium in San Francisco in 2104. 
 
 
 
Professor Assaad Masri 
Sydney, November 2013 
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Preface 
 
On behalf of the Organising Committee of the 2013 Australian Combustion Symposium (ACS2013), 
it is my great pleasure to present this volume of the Proceedings of the Australian Combustion 
Symposium (2013). This is one of the biennial events organised by the Australian and New Zealand 
Section of the Combustion Institute.  
 
This symposium series is highly relevant considering that combustion remains central to global 
concerns about energy conversion technologies and the environment. Recent symposia were held in 
Newcastle (2011), Brisbane (2009), Sydney (2007), Adelaide (2005; in conjunction with 
ASPACC2005), Melbourne (2003), and Adelaide (2001). This present ACS was held at a high-class 
events venue in Perth, The University Club of Western Australia at The University of Western 
Australia. It was proudly dedicated to celebrating the 70th birthday and the wonderful career of my 
PhD adviser, Professor Terry Wall AM FTSE.  
 
The proceedings volume contains five invited lectures delivered by speakers of international repute, 
covering the topical issues of solid fuels and carbon capture, kinetics, turbulent combustion, fire 
dynamics, fuel processing, and air pollution. A record number of ninety contributed papers, selected 
from a total of ninety seven submitted manuscripts, were accepted for publication in this volume, 
following vigorous peer reviews by at least two reviewers, coordinated by the Technical Committee. 
The total number of participants was one hundred and forty two, the highest in the ACS series so far. 
 
The ACS2013 Special Plenary Lecture was delivered by Professor Terry Wall AM FTSE (The 
University of Newcastle). The Bilger Lecture was delivered by Professor John Abraham (The 
University of Adelaide). The other Keynote Speakers were Professor Fei Qi (University of Science 
and Technology, China), Professor José Torero Cullen (The University of Queensland), and Professor 
Minghou Xu (Huazhong University of Science and Technology, China).  
 
Topics covered by the contributed papers cover a broad range of topics including turbulent flames, 
combustion of solid fuels, fuel conversion and processing, kinetics, diagnostic, ignition, emissions 
and carbon capture. 
 
In May this year, the Australian combustion community lost one of its valued members, Professor 
Russel (Sam) Luxton. To many of us, Sam was an academic father and we always remember him as a 
friend with twinkling eyes, cheeky grin and indomitable spirit. In mourning the loss of Sam as a 
mentor and an inspiring leader of the Combustion Institute, we dedicated the Sam Luxton Memorial 
Session on Turbulent Reactive Flow at this ACS to celebrating Sam’s life and achievements.  
 
On behalf of the organising committee, I thank all who have contributed to the symposium, especially 
members of the Technical Committee and reviewers for the time they spent on their thoughtful, 
constructive and helpful reviews. I also gratefully acknowledge our nine sponsors for providing the 
financial supports without slight hesitation when requested. Their generous supports have made the 
organising of the symposium in a fast-moving and most expensive city much easier. 
 
 
Winthrop Professor Dongke Zhang FTSE 
Conference Chair 
on behalf of the Organising Committee of the 2013 Australian Combustion Symposium 
 
Perth, November 2013 
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Program 
Wednesday 6th November 2013 

The University Club of Western Australia 

15.00-19.00 
Registration and Welcome Reception 

Hosted by Winthrop Professor Dongke Zhang FTSE 
Ground Floor Terrace, The University Club of Western Australia 

19.00-19.30 
The Combustion Institute ANZ Section General Meeting 

Ground Floor Terrace, The University Club of Western Australia 

 
 

Thursday 7th November 2013 
The University Club of Western Australia 

08.00-12.00 
Registration 

Lower Colonnade, The University Club of Western Australia 

08.30-09.00 

Official Opening Ceremony 

Professor Assaad Masri (Chair, Australia and New Zealand Section, The Combustion Institute) 

Winthrop Professor Dongke Zhang FTSE (Conference Chair) 

Associate Professor Hari Vuthaluru (Chair, Technical Committee) 

Dr Mingming Zhu (Chair, Local Organising Committee) 

09.00-10.00 

Bilger Lecture (Theatre-Auditorium) 

P-01: Recent Progress in Modelling Reacting Diesel Sprays 

Professor John Abraham 

The University of Adelaide 

Chair: Professor Assaad Masri 
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13.40-14.40 

Special Plenary Lecture (Theatre-Auditorium) 
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Professor Terry Wall AM FTSE 

Chair: Winthrop Professor Dongke Zhang FTSE 
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Abstract 
This paper will begin by discussing the structure of non-reacting and reacting diesel sprays. Results from recent work employing 

RANS to model the non-reacting spray will be presented. It will be shown through detailed comparison with measured results that 
under conventional high-pressure high-temperature chamber and high-pressure injection conditions, the vaporizing diesel spray 
behaves like a gas jet. Several turbulence-chemistry interaction models for the reacting diesel spray will be reviewed. RANS 
simulation results of reacting diesel sprays in which an unsteady flamelet progress variable (UFPV) model is employed for 
turbulence/chemistry interactions will be discussed in detail. It is shown that the model can predict ignition delay and flame lift-off 
heights with reasonable accuracy. The model has also been extended to model nitrogen oxides and soot distribution in the reacting 
diesel sprays. Nitrogen oxides are modeled using the mechanism from Gri-Mech 3.0 and soot is modeled using a kinetic mechanism 
coupled with a tracer particle approach to estimate residence times within the jet. Initial simulations of the reacting diesel jet using a 
large-eddy simulation approach coupled with a UFPV model will also be presented. Areas for further work in modeling diesel sprays 
will be discussed. 

 
Keywords: diesel engines, transient diesel sprays, diesel spray modeling, transient jets, reacting diesel sprays 
 
 

 

1. Introduction 
 
Diesel engines have been the focus of extensive 

experimental and computational investigations during 
the last 20 years with the primary driver being regulatory 
pressure to reduce exhaust emissions. It is interesting to 
recall that the spark-ignition (SI) engine was the subject 
of much research in the 1960s and 70s because of similar 
pressure on exhaust emissions. In the case of the SI 
engine the problem was ultimately addressed by the 
three-way catalytic converter which reduced pollutants 
from conventional SI engines to very low and acceptable 
values although research on advanced SI combustion 
systems, e.g. direct-injection spark-ignition (DISI) 
engines continues. Following a similar path, diesel 
engine manufacturers worldwide are adopting exhaust 
aftertreatment as the immediate solution to control 
exhaust emissions of particulate matter (PM) and 
nitrogen oxides (NOx). These aftertreatment devices, 
unlike the three-way catalytic converter of the SI engine, 
are bulky and expensive and reducing their size and cost 
is imperative. This can be achieved by reducing exhaust 
emissions through in-cylinder combustion and injection 
system modifications. Furthermore, optimizing the 
performance of the aftertreatment devices requires a 
clear understanding of the emissions characteristics. 
Whether the effort is directed toward reducing emissions 
or optimizing aftertreatment devices, modeling of the 
transient sprays, in-cylinder fluid flow, and chemical 
kinetics of pollutant formation are critical in achieving 
the goals. The accuracy of the models is dependent on 
the understanding of the processes involved. The 
objective of this paper is to review the current status of 

this understanding and the progress that has been made 
in modeling the diesel spray.  

Injection in direct-injection (DI) diesel engines is 
into a chamber where the temperature is in the range of 
800-1200 K and the pressure is 4-10 MPa prior to 
combustion. Injection pressures vary from 150250 MPa. 
Injection at these pressures generates injection velocities 
in the range of 500-750 m/s.  Under these conditions, the 
liquid is atomized to drops whose diameters lie in the 
range of 1-10 microns [1-7]. Solid-cone sprays are the 
norm in diesel engines. In addition to primary breakup of 
the liquid during atomization, the ligaments and drops 
which are formed as a result of primary breakup undergo 
drop-drop interactions and secondary breakup in the 
near-field of the spray. There has been discussion in the 
literature on the existence of an intake liquid core in the 
spray though no firm conclusions have been reached [1, 
8-10]. The near-field of the spray where the liquid-phase 
length reaches its maximum length achieves a statistical 
steady-state in a relatively short period of time (0.1-0.3 
ms). Note that measurements in the dense atomizing 
region of the spray are difficult and so drop sizes in this 
region have to be deduced from measurements at the 
periphery of the spray or from measurements in the 
dilute spray several hundred diameters downstream of 
the orifice. This deduction often involves the use of 
spray models in which drop sizes are estimated from 
models in the atomization region and then matched to 
those measured downstream. This is a difficult task 
prone to errors because of inadequate understanding of 
atomization and drop-interaction sub-models as reflected 
in a wide range of proposed sub-models and numerical 
inaccuracies in modeling the sprays [1-2, 9, 11-19].  

The drops generated during atomization transfer 
momentum to the chamber gas, entrain the gas, and 
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undergo rapid vaporization. The jet penetrates as a vapor 
jet beyond the maximum length to which the drops 
penetrate, i.e. the liquid-phase length – this length can 
extend up to 2-3 cm in conventional diesel sprays [15, 
20-22]. While the physics of atomization and the 
structure of the spray in the atomizing region are not 
well understood, the quasi-steady structure of the spray 
downstream of the maximum liquid-phase length has 
been fairly well-characterized through extensive 
experimental studies – in fact, it behaves like a gas jet 
[13-15, 20, 23-24]. Figure 1 shows a schematic of the 
high-pressure diesel spray. Though not indicated as such 
in the schematic, the spray angle in the near-field of the 
jet is generally smaller than in the far-field [1, 20, 25-
26]. In the far-field the spreading angle approaches that 
of the turbulent gas jet. Identified in Figure 1 are the 
intact liquid core (L1), the liquid-phase penetration 
length (L2), a quasi-steady region of the jet (L3), and the 
transient head-vortex (L4). 

 In the case of engine sprays, where the injection is 
intermittent, it is important to consider the transient 
nature of the spray in trying to understand mixing. In 
Fig. 1, this transient behavior is predominant in the head-
vortex. Note, however, that for a period of time after 
start of injection the part of the spray where transient 
mixing and development are important constitutes a 
significant fraction of the spray. The dynamics of the 
starting jet during the early stages of injection are still 
the subject of experimental and computational inquiry 
[24, 27-31]. To the author’s best knowledge, there has 
been no study specific to diesel sprays. When injection 
ends, the behavior of the jets is again influenced strongly 
by transients in the trailing part of the jet. In fact, these 
transients can influence the mixing behavior in diesel 
engines and impact pollutant emissions [32-33]. 

 
 

 
 

Figure 1. Schematic of a non-reacting full-cone diesel spray 
 
As the vapor jet penetrates into the chamber and 

mixes with the hot chamber air, chemical reactions occur 
leading to ignition. Different regimes of fuel chemistry 
(low, intermediate and high temperature chemistry 
regimes) exist for hydrocarbons [34-36]. For a 
hydrocarbon fuel, the chemical pathway to ignition can 
involve all three chemistry regimes depending on the 
initial temperature and pressure conditions. Ignition can 
occur either through a single-stage or a two-stage 
process depending on the conditions. Once ignition 
occurs, usually at multiple spots around the vapor jet, 

flames develop from the ignition kernels and connect to 
form a highly-wrinkled flame surrounding the jet. Figure 
2 is a schematic showing the reacting diesel spray [35, 
37]. Representative values of temperature, and various 
reaction regimes, are indicated on the figure. Westbrook 
[35] associated the different regions in the reacting spray 
with different hydrocarbon chemistry regimes. 
Downstream of the liquid-phase penetration length, 
“premixed” phase of combustion occurs in fuel-rich 
regions. Here, the temperature of the fuel/air mixture is 
low, and hence, the reaction rate is slow. As more air is 
entrained, the temperature of the fuel/air mixture 
increases, and reaction rate increases. Once the 
temperature of the fuel/air mixture increases above 800 
K, low temperature chemical reactions become 
increasingly important. Formation of meta-stable H2O2 
then slows down reactions. However, moderate heat 
release from the low temperature chemistry increases the 
temperature accelerating the chain-branching 
decomposition reaction of H2O2 to hydroxyl radicals, 
and thermal runaway then occurs leading to autoignition 
of the spray. Nitric oxide forms on the lean side of the 
flame where the oxygen concentration and temperature 
are optimum. It has been postulated that soot precursors 
start forming in the rich premixed fuel/air mixture and 
they are transported downstream where they form soot 
particles. The maximum concentration of soot particles 
has been suggested to be in the head vortex of the 
transient jet [37]. As indicated in Fig. 2, the flame is 
lifted from the base and the lift-off height has been 
correlated with the soot formed in the jet. 

 

 
Figure 2. Conceptual picture of a combusting diesel-jet [35, 37]. 

 
Siebers and Higgins [38] experimentally 

investigated the effects of various parameters such as 
injection pressure, ambient gas temperature and density 
on the lift-off height. They concluded that the lift-off 
height is inversely related to the ambient temperature 
and ambient density whereas it is directly related to the 
injection pressure. Siebers et al. [39] extended these 
studies to consider the effect of ambient oxygen 
concentration on the lift-off height. They concluded that 
the lift-off height was inversely related to oxygen 
concentration. Later, Pickett et al., [40] showed a 
dependence of the lift-off height on the orifice diameter 
and also on ignition characteristics. While these studies 
have been in constant-volume chambers, Persson et al. 
[41] employed several fuels to study fuel effects on 
autoignition and flame lift-off in an-optically accessible 

- 2 - 



engine. They concluded that lift-off height has a weak 
dependence on ignition delay.   A power-scaling law has 
been proposed to fit the experimental data for the lift-off 
heights in diesel jets for wide range of conditions [38, 
39]. It is given as 

0.
2

5 3.74 0.85 1.0~ ( ) ( ) ( ) ( )  .F inj ambinet aL P T Oρ− − −∆  (1)  

injP∆
is the difference in pressure across the orifice, 

and ambinetT , aρ and 2O are ambient temperature, 
density and oxygen concentration, respectively. 

The review below focuses on the capability of 
multidimensional spray models to predict the structure 
that we have summarized above. In the next section, we 
will focus first on the non-reacting spray and then the 
reacting spray. Section 3 will highlight the limitations of 
current models and conclude the review. 

2. Predictive capability of multidimensional 
spray models 

  
2.1 The non-reacting diesel spray 

 
An essential point to take into consideration when 

modeling high-pressure diesel sprays in high-pressure, 
high-temperature chambers is that the vaporization of the 
drops is mixing-controlled, i.e. the rate of vaporization is 
controlled entirely by the rate at which hot air is 
entrained [7, 15, 21-22, 42]. In other words, the drop size 
is not limiting vaporization. This suggests that either a 
spray model with drops or a vapor jet model with the 
same mass and momentum flow rate as the spray can 
predict the non-reacting diesel spray accurately. That this 
can be done has been unequivocally shown in several 
references [7, 15, 42]. In using a vapor jet model to 
represent the spray, the assumption is that turbulent jets 
of the same mass and momentum flow rates have similar 
structure, i.e. spreading and penetration rates [7, 13, 23, 
24, 42]. In the model, the diameter, injection density, and 
injection velocity of the vapor jet are obtained by 
equating the mass and momentum flow rates of the 
liquid spray with the vapor jet. Equating the mass flow 
rates of the spray and gas jet gives 

 g g g l l lV A V Aρ ρ=
,   (2) 

where, ρg, ρI are the gas and liquid densities 
respectively, Vg and VI are the gas and liquid injection 

velocities and Ag and AI are the gas and liquid orifice 
areas. Equating the momentum flow rates gives 

 
2 2

g g g l l lV A V Aρ ρ=
.    (3) 

Dividing (3) by (2) we obtain 

 g lV V=
.    (4) 

Hence the injection velocity of the vapor jet is the 
same as that of the measured spray. Substituting (4) in 
(2) and rearranging 

 

l
g l
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=

,    (5) 
or  

 

0.5
l
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g

d dρ
ρ

 
=   

  ,   (6) 
where dg = orifice diameter for vapor injection and dl= 
orifice diameter for liquid injection. Note that the 
equations above make the assumption that the pressure at 
the injector orifice is equal to the pressure in the 
chamber [42, 43].  

Figure 3 shows measured and computed images of 
the vapor fuel in a diesel spray [7]. The measured images 
were obtained at Sandia National Laboratories 
(www.sandia.gov/ecn) and show ensemble-averaged 
two-dimensional Rayleigh-scattering images [44]. The 
computed images were obtained in three ways: through a 
spray computation, through a vapor jet computation, and 
a third through a vapor jet injection in which a line 
source (the virtual liquid source, VLS) was employed for 
mass, momentum and energy transfer. In the spray 
model, the liquid phase is treated as a dispersed phase in 
a continuum of gas [11, 45-47], i.e. the Lagrangian drops 
Eulerian Fluid (LDEF) approach. The experimental and 
computational conditions are given in Table 1. The 
orifice diameter of 0.0927 mm used in the computations 
includes the effect of the area contraction coefficient. In 
the liquid spray computation, drops were injected from a 
line source whose length for the conditions of this work 
is selected to be 4.6 mm [1], half the liquid penetration 
length. Varying the source length by +/- 25% did not 
noticeably influence the results. The drops are injected 
within an included angle of about 14 degrees. Collisions 
and secondary breakup are modeled [11, 46]. Figure 3 
shows that there is qualitative agreement between the 
computed and measured images.  

Table 1. Experimental and computational conditions 
 Experiment LDEF VLS Gas jet 
Ambient temperature (K) 1000 1000 1000 1000 
Ambient density (kg/m3) 14.8 14.8 14.8 14.8 
Injection pressure (MPa) 150    
Injected fluid n-heptane n-heptane n-heptane n-heptane 
Density of injected fuel (kg/m3)  630 630 136.9 
Velocity coefficient 0.93    
Injection velocity (m/s)  632.4 632.4 632.4 
Injected fluid temperature (K) 373 373 373 373 
Area contraction coefficient 0.86    
Orifice diameter (mm) 0.100 0.0927 0.0927 0.199 
Liquid length (mm) 9.5  9.2  
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                                  (a)                                      (b) 

  
                                 (c)                                   (d) 

Figure 3. Measured image of the mixture fraction (a), and computed mixture fraction contours at 1.13 ms ASI with the (b) spray, (c) VLS, and 
(d) gas jet models. Color legend identifies values of mixture fraction. 

 
Figure 4 (a) shows the measured and computed axial 

centerline mixture fraction (vapor fuel fraction) 0.90ms 
ASI. The shading on the measured trace indicates the 
uncertainty band. Beyond about 1.5 cm from the orifice, 
when all the liquid fuel vaporizes, the differences in 
computed results are small. The leading edge of the 
measured spray shows a steeper slope relative to the 
computed sprays. Figure 4 (b) shows the radial 
distribution of mixture fraction at an axial distance of 20 
mm at 6 ms ASI. The radial spreading of the computed 
jets is greater relative to the measurements. Since the 

three (different) models predict very similar results, the 
differences at the leading edge and in vapor fraction 
values along the centerline arise from the basic 
Reynolds-averaged modeling approach. The k-e model is 
known to overpredict the spreading by about 30%, and 
the leading edge is smeared by the model [48, 49]. 
Additional results and discussion are provided in Ref. 
[7]. An important point to note is that the differences 
between the computed and measured results are greater 
during the transient phase.  

 

 
                                         (a)       (b) 

Figure 4. Computed and measured mixture fraction along (a) jet centerline at 0.9 ms ASI, and (b) at axial plane of 20 mm at 6 ms ASI.  
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The gas jet behavior of the diesel spray is also 

shown in Fig. 5 (a) which shows the computed 
penetration of the same diesel spray injected into a 
chamber with different densities. Figure 5 also shows the 
corresponding theoretical penetration (shown by dotted 
lines) obtained using incompressible gas jet theory 

employing the following expression for tip penetration 
xtip [14, 23]:   

0.52(0.4)3 ( / )2
0.516

d U ta ilxtip Ct

ρ ρ
π

=
 ,         (7) 

where Ct is a constant of value 0.0146.  
 

                                
(a)                                                                                                   (b) 

Figure 5: Equivalence of diesel sprays and gas jets. (a) Penetrations of vaporizing and non-vaporizing sprays, (b) Non-dimensional penetration vs 
time 

 
In fact, the equivalence of these sprays and a gas jet 

can be shown by non-dimensionalizing variables as 
follows [42]: 

*

( )

x
x

id
a

ρ
ρ

=
 
  
  ,                                               (8) 
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id
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ρ
ρ
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where, x is the axial distance, t is the time ASI, d is the 
injector orifice diameter, ρi is the injected liquid density, 
ρa is the ambient density, Ui is the injection velocity, 
and the variables with asterisk are non-dimensional. 
Figure 5 (b) shows the non-dimensional penetration as a 
function of non-dimensional time. Not surprisingly, all 
the lines collapse. 

In the computations, the drop size, its distribution, 
length of the line source, and the angle, are all 
parameters which are not known. For the results shown, 
the Sauter mean diameter (SMD) of the drop was 
assumed to be 2 µm. This SMD was selected to give a 
liquid-phase length that is consistent with the measured 
value, i.e. approximately 9 mm. Larger drop sizes result 
in longer liquid-phase length and larger differences 
between computed and measured results. Smaller drop 
sizes do not generally influence the results. The choice 
of the unknown parameters are all based on various 
assumptions, which cannot be assessed under conditions 
of interest because of the absence of relevant 
experimental data, e.g. drop sizes and size distribution, 

within the first 50 diameters of the spray. While this is 
not a severe constraint in diesel sprays, it is a constraint 
in injection at lower pressures into engines where the 
liquid phase plays a more dominant role in the behavior 
of the spray. 

The challenges in modeling non-reacting sprays are 
compounded by the fact that the Lagrangian drop 
Eulerian gas approach is valid only when the liquid 
volume fraction is fairly small (less than 1%) in 
computational cells, and when the drops are 
homogeneously distributed in the computational space, 
neither of which is satisfied in the near-field of the spray. 
To keep the liquid volume fraction small, and ensure 
numerical stability, computational cell sizes which are 
larger than the orifice diameter are typically employed. 
These grid sizes are not adequate to resolve the shear 
layer, and, not surprisingly, lead to results that are often 
inaccurate. Alternate approaches that are numerically 
more accurate, but which still require atomization and 
drop interaction sub-models, have been proposed [18, 
19], but are computationally more intensive. For the 
computations described above with the spray model, the 
grid size stretches in the radial direction from 0.3 mm at 
the injector to 2 mm at the wall. In the axial direction, it 
stretches from 0.25 mm at the injector to 4.8 mm. The 
choice of this grid resolution is not dictated by accuracy 
but by the need to maintain a small liquid volume 
fraction in the computational cells near the orifice. With 
this choice of grid, the volume fraction is less than 3%. 
For the vapor jet simulations, there are 4 numerical cells 
within the orifice radius, and outside the orifice the grid 
stretches from 0.08 mm to 3 mm in the radial direction, 
and 0.25 mm to 4.8 mm in the axial direction. In the case 
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of the vapor jet, higher resolutions were employed in 
additional computations to ensure that the results 
presented here are insensitive to grid resolution. It is not 
possible to ensure this in the case of the spray 
computations. In general, the inaccuracies as a result of 
inadequate resolution are greatest during the transient 
phase. A point worth noting is that Lagrangian 
computations are generally less diffusive (from a 
numerical perspective) compared to Eulerian 
computations. This suggests that the spray simulations 
may not need as fine a resolution as the vapor jet 
simulation, and this may explain why the spray 
simulations are reasonably accurate in the computations 
described above. An important point to take away from 
this discussion is that the high resolutions required to 
achieve grid independence in diesel jet simulations are 
generally impractical for engine applications and special 
gridding strategies have to be employed. 

 
2.2 The reacting diesel spray 

 
It is interesting to consider how the modeling of 

reacting diesel sprays has evolved. In the 1970s and 80s, 
prior to emissions regulations arising as a major 
consideration in diesel engine design, it was understood 
that once ignition has occurred, the heat release in the 
engine was primarily mixing-controlled. As a result, a 
combination of a kinetic model for ignition (often using 
artificial species as in the Shell model of Halstead et al. 
[50], or even simpler model [51]) coupled with a mixing-
controlled model for subsequent diffusion combustion 
was successfully employed to predict diesel combustion 
and diesel-engine pressures [52-55]. The need for 
including chemical kinetics has arisen because of the 
need to predict ignition, flame lift-off, and (most 
importantly) pollutants more accurately as reducing 
emissions has become critical in diesel engine design 
within the last 20 years. The complexity of the chemical 
kinetics required depends on the specific objectives of 
the computation.  

Consider the prediction of ignition delay, i.e. the 
time from start of injection to the occurrence of ignition. 
It affects thermal efficiency and the NOx and 
hydrocarbon emissions. During the ignition delay period, 

the liquid fuel is atomized, it vaporizes and mixes with 
the surrounding gases and low-temperature chemical 
reactions occur. The ignition delay is usually defined 
based on the time taken to attain a set temperature, the 
time taken for a rate-controlling radical, such as OH, to 
reach a set value, or related to the rise in pressure in the 
chamber. Modeling of ignition within the context of 
detailed multidimensional computations typically 
requires the use of multistep chemical reaction 
mechanisms. The mechanism may involve artificial 
species, as in the Shell model [50], and reaction steps 
curve-fitted to match experimental results. These 
pseudo-mechanisms, however, lack generality. The more 
realistic approach is to employ multistep kinetics for 
surrogate fuel species. Detailed chemical-kinetic 
mechanisms for low-, intermediate-, and high-
temperature n-heptane oxidation are available [34] and 
several models exist that have sufficiently reduced 
dimensionality (number of species and reactions) to 
enable their use in CFD simulations [56, 57].  

Recently, Bajaj et al. [58] carried out a detailed set 
of simulations of n-heptane sprays and compared, 
measured, and computed ignition delays by employing 
two reduced mechanisms, a 37-species mechanism 
proposed by Peters et al. [57]  and a 44-species 
mechanism proposed by Liu et al. [36]. N-Heptane has 
often been used as a surrogate for diesel fuel. It is 
attractive because of the availability of detailed chemical 
mechanisms. Higher-order hydrocarbons are, however, 
becoming better characterized and may be more suitable 
for future work. The measurements were obtained at 
Sandia National Laboratories (www.sandia.gov/ecn/) 
and the experimental conditions are listed in Table 2 and 
the computed and measured ignition delays using the 44-
species mechanism are listed in Table 3. The 
computations were carried out with a RANS model. The 
disagreement is greatest for the cases with reduced 
oxygen concentration and increased chamber density. 
These differences may arise from inadequacies in the 
reduced kinetic model and/or from the 
turbulence/chemistry interaction model. The 
turbulence/chemistry interaction model will be discussed 
next. 

 
Table 2. Computational conditions. 

Case dnoz (mm) dgas (mm) Pinj  (MPa) Pamb (bar) Tfuel  (K) Tambient  (K) ρambient 

(kg/m3) O2% 

1 0.1 0.199 150 42.66 373 1000 14.8 21 
2 0.1 0.199 60 42.66 373 1000 14.8 21 
3 0.1 0.1745 150 55.45 373 1300 14.8 21 
4 0.1 0.2097 150 38.39 373 900 14.8 21 
5 0.1 0.199 150 43.02 373 1000 14.8 15 
6 0.1 0.199 150 43.2 373 1000 14.8 12 
7 0.1 0.199 150 43.45 373 1000 14.8 8 
8 0.18 0.3858 140 42.66 373 1000 14.8 21 
9 0.1 0.1397 150 86.47 373 1000 30.0 15 
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Table 3. Computed and measured ignition delay. 

Case 

Ignition Delay τ id  (ms) 
% difference 

Experimental 
Computed 

Temperature 
T_1500 T_2000 T_1500 T_2000 

1 0.53 0.542 0.55 2.264 
 

3.773 
 

2 - 0.615 0.63 ---- ---- 
3 0.26 0.209 0.213 19.615 

 

18.076 
 

4 0.79 0.898 0.91 13.670 
 

15.189 
 

5 0.73 0.56 0.593 23.287 
 

18.767 
 

6 0.947 1.225 1.26 28.827 
 

33.051 
 

7 1.52 2.17 ---- 42.763 
 

---- 

8 0.57 0.65 0.662 14.035 
 

16.140 
 

9 0.38 0.175 0.22 53.947 
 

42.105 
 

 
 

2.2.1 Modeling of turbulence-chemistry 
interaction 

 
The influence of turbulence on the flame is to 

wrinkle it. In regions of high turbulence intensity, the 
flame may be extinguished. Turbulent transport can 
certainly slow down reactions as heat and radicals are 
transported at rates much greater than in laminar flames. 
These effects can be captured in direct numerical 
simulations (DNS). The thickness of the flame in the 
diesel jet is, however, smaller than the grid size in RANS 
and large-eddy simulations (LES). As a result, a 
turbulence-chemistry interaction model is required to 
account for the effect of the turbulence on the chemistry 
and vice versa. Early turbulent combustion models 
employed for engine applications involved a single-step 
global reaction model with the effect of turbulence 
modeled using empirical expressions whereby the 
reaction time scale was assumed to be a combination of a 
turbulent time scale and a kinetic time scale. The eddy-
breakup model [59, 60] assumes a one-step reaction 
where the fuel or reactive species and oxidizer react at a 
rate determined by the rate-determining species among 
the fuel, oxidizer and the major product, e.g. CO2. This 
model further assumes that the turbulent reaction rate is 
directly proportional to the inverse of the turbulent time 
scale, i.e. the mixing time scale, and the concentrations 
of the reacting species. One difficulty with the 
application of such models is the presence of empirical 
constants which are generally not known á priori in cases 
of incomplete combustion. Abraham et al. [61] extended 
this model by using an approach whereby the species 
concentrations were assumed to change their 
concentrations such that the change drove the species 
toward the local equilibrium concentrations in a 
characteristic time, i.e. the mean reaction rate of each 
species due to the combined effect of turbulence and 
chemistry is given by 

*
m m m

c

dY Y Y
dt τ

−= −
,             (10) 

where mY  is the mass fraction of species m, 
*
mY  is the 

local thermodynamic equilibrium value of the mass 

fraction, and cτ  is the characteristic time for the 
achievement of equilibrium. The characteristic time cτ  
is assumed to be a combination of a laminar timescale 
and a turbulent timescale, such that the longer of the two 
times scales controls the combustion rate. The laminar 
timescale is of Arrhenius form, and the turbulent 
timescale is assumed to be proportional to the eddy 
turnover time ε/k, similar to the approach adopted in 
Refs. [59, 60]. 

The partially-stirred reactor (PaSR) model, along 
with reduced chemical kinetics, has been employed to 
model turbulence/chemistry interactions in reacting 
diesel sprays [62–64]. In this model, each computational 
cell was assumed to be composed of a reacting element 
and a non-reacting element. The volume fraction of the 
reacting element was determined from the ratio of the 
reaction time scale and the turbulence time scale. In fact, 
a perfectly-stirred reactor (PSR) model with detailed 
chemical kinetics in each computational cell has also 
been employed to study the spray liquid length and lift-
off height for reacting diesel sprays and the computed 
results reported to be in good quantitative agreement 
with the experimental results [65]. The results from this 
study suggest that at the lift-off height, the combustion is 
kinetics-controlled and premixed (hence, the justification 
for using PSR). This model suffered from the 
requirement of large computational overhead due to the 
use of detailed kinetics and high resolution. Furthermore, 
the effect of turbulence-chemistry interaction is not 
directly captured in this approach.  

Marble and Broadwell [66] formulated the coherent 
flamelet model (CFM) which considers the flow field to 
be composed of multiple laminar flamelets stretched by 
the turbulent flow. In this model, the mean reaction rate 
is obtained as the product of the flame surface density 
(which is the flamelet area per unit volume) and the local 
strained laminar flame speed. A transport equation for 
the flame surface density, measuring the available flame 
surface area per unit volume, is employed. The mean 
burning rate is expressed as the product of the flame 
surface density by the reaction rate per unit flame 
surface, estimated from laminar flame computations. In 
fact, the CFM model has evolved into the flame surface 
density (FSD) model [67, 68].  The FSD model has been 
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employed to study the transient combustion process from 
ignition to flame stabilization in diesel jets [69]. As 
ignition is a transient process between pure mixing and a 
well-established diffusion flame, a progress variable was 
introduced in the model. This modeling approach was 
coupled to a mixing model and a chemistry model, based 
on the unsteady flamelet equations, which were solved á 
priori to generate a flamelet database. Although this 
model is attractive, the implementation is more difficult 
than the CTC/LECT, PaSR and PSR models.  

The conditional moment closure (CMC) model has 
also been employed for reacting diesel spray simulations 
and computed and measured results compared [70-72]. 
The CMC model was proposed by Klimenko [73] and 
Bilger [74]. Kim and Pitsch [75] formulated the CMC 
model for LES. The main hypothesis behind CMC 
models is that the fluctuations in the scalar quantities of 
interest can be related to the fluctuations in the mixture 
fraction field. Based on this idea, transport equations are 
derived for the reactive scalars which are conditionally 
averaged with the mixture fraction. Conditional 
averaging of a variable Yi  is defined as 

( )
( )

*
*

| | i
i i

P Y
Y Y Z Z

P Z Z
η = = =

=
.        (11) 

In the above equation, Z* is a particular value of the 
mixture fraction Z and is usually taken to be the 
stoichiometric value Zst. The transport equation for the 
conditionally averaged mass fraction of species i is given 
by 

2

2

| |1| | | |
2

i i
i i

Y Y
Y W

t
η η

η η χ η η
η

∂ ∂
+ ⋅∇ − =

∂ ∂
v

,
            (12) 
where v is the velocity and Wi is the source term for 
species i. Since this equation is being solved for the 
conditional averages, the only unclosed term in the 
equation is the conditionally-averaged source term. 
Similar equations are derived for momentum and 
enthalpy. Klimenko and Bilger [76] show that the 
following approximation can be made with negligible 
errors: 

( ) ( )( , ) | , | ,i i i i h i i hW Y h W Q Q W Q Qη η≈ =
, 

            (13) 

where |i iQ Y η=  and |hQ h η= . Here, h 
represents the enthalpy of the mixture. This conditional 
averaging makes the modeling of the averaged source 
term considerably easier as no closure models are 
required. Bilger et al. [77] discuss that in applying the 
CMC model in LES of practical configurations, several 
challenges still exist like computational feasibility and 
prescribing the correct boundary conditions.  

Another class of models is one where, like the CFM 
and FSD models, the assumption is made that the diesel 
combustion occurs through strained flamelets. The 
unsteady flamelet model was employed to model diesel 
combustion and emissions first by Pitsch et al. [78]. In 
their approach, in addition to the conservation equations 
that are usually solved, equations for the evolution of the 

flamelet and a transport equation for the variance of the 
mixture fraction were solved. The unsteady flamelet 
equations can be written as 

φωφφ
+

∂
∂

=
∂
∂

2

2

2 Zt
χ

 ,            (14) 
where φ  is a vector that represents the collective set of 
all reactive scalars, i.e. temperature and mass fractions of 
the different species, and φω  represents the 
corresponding source terms, and χ is the scalar 
dissipation rate which is, in general, a function of Z. In 
the RANS and LES computations, the following 
equations for mixture fraction 𝑍� and the variance of the 
mixture fraction 𝑍� P

2 are solved: 
   

𝜕𝜌�𝑍�

𝜕𝑡
+ ∇ ∙ ��̅�𝑢�𝑍�� = ∇ ∙ � 𝜇𝑡

𝑆𝑐𝑍�
∇𝑍�� (15) 

 
𝜕𝜌�𝑍�"2

𝜕𝑡
+ ∇ ∙ ��̅�𝑢�𝑍"2� � = ∇ ∙ � 𝜇𝑡

𝑆𝑐
𝑍"2�
∇𝑍"2� �  

+ 2𝜇𝑡
𝑆𝑐

𝑍"2�
�∇Z��

2
− �̅�𝜒�      (16) 

The Schmidt numbers have a value of 0.9 in Ref. 
[78]. The instantaneous average value of scalar 

dissipation rate χ  in a computational cell is obtained in 
the RANS simulations as [78, 79] 

 
𝜒� = 𝐶𝜒

𝜀
𝑘
𝑍"2�  .  (17) 

Cχ is a model constant. Equation (17) was employed 
to compute χ which was assumed to have an error-
function profile dependence on Z. Mean values of χ for 
the entire domain were obtained and employed in Eq. 
(14) to determine the flamelet solutions which were then 
employed to determined species and temperature 
profiles. The use of just one representative flamelet, 
however, is not adequate to represent certain features of 
the reacting diesel jet, e.g. the lift-off height. 

Venugopal and Abraham [80] extended the 
interactive flamelet approach by using multiple flamelets 
(interactively) and showed that such an approach can 
predict flame lift-off. Using multiple flamelets is, 
however, computationally intensive. Meanwhile a 
computationally less intensive approach had been 
proposed [81-84] in which all thermochemical quantities 
are parameterized by mixture fraction, reaction progress 
parameter, and stoichiometric scalar dissipation rate by 
the solution of Eq. (14). Bajaj et al. [58] employed this 
unsteady flamelet progress variable (UFPV) model to 
model reacting diesel jets, including ignition and flame 
lift-off in diesel jets. This model was employed to obtain 
the results of Table 3 (shown earlier) for ignition delay.  
In the model, a presumed PDF closure model was 
employed to evaluate Fávre-averaged thermochemical 
quantities. For this a beta-distribution was used for the 
mixture fraction, and Dirac delta function distributions 
for the reaction progress parameter and the 
stoichiometric scalar dissipation rate. These Fávre-
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averaged thermochemical quantities were tabulated in 
UFPV libraries and were used as the turbulent 
combustion model for the RANS simulations. Table 4 
shows predicted and measured lift-off heights 
(www.sandia.gov/ecn/). The T_1500 criterion identifies 
the lift-off as the axial distance where the temperature 
reaches 1500 K. The 0.1% YOH criterion identifies the 
lift-off as the axial distance where the hydroxyl mass 
fraction is 0.1% of its maximum value. The agreement is 
within 12% for all cases except one. Figure 6 shows 
computed flooded-contour plots of temperature for the 
nine cases of Tables 2 identifying the lift-off heights. 

The UFPV model has also been extended to predict 
NOx and soot distribution in the reacting diesel jets of 

Table 2. For NOx predictions, the mechanism from GRI-
Mech3.0, and for soot the mechanism of Appel et al. 
[85] was employed. Tracer particles were employed to 
track the residence time in the jet [86]. Figure 6 shows 
the NOx distribution at 4 ms ASI and Fig. 7 shows the 
soot distribution at the same time in the nine jets. 
Quantitative comparisons of peak soot volume fraction 
are within an order of magnitude although the computed 
spatial location of the peak soot volume fraction is, in 
general, upstream of the measured results. Quantitative 
comparisons of the mass of soot predicted in the reacting 
sprays show that the computed soot normalized by the 
injected mass correlate with a non-dimensional lift-off 
height [87]. 

 
Table 4. Computational conditions and results for lift-off height. 

Case 

Lift-off Height LF (mm) 
% difference 

Experimental 
Computed 

Temperature YOH 
T_1500 0.1% T_1500 0.1% YOH 

1 17 18.5 18 8.823 5.882 
2 13.5* 15.05 14.8 11.481 9.629 
3 7.7 8.05 8.25 4.545 7.142 
4 25.5 23.3 22.8 -8.627 -10.588 
5 23.2 22.9 22.9 -1.293 -1.293 
6 29.2 27.3 ---- -6.506 ---- 
7 42.3 52.88 ---- 25.011 ---- 
8 23.97 25.8 25.31 7.634 5.590 
9 11.9 12 12.8 0.840 7.563 

* Estimated Value: This value is for diesel fuel injected at 432 K 
 

 
Figure 5. Temperature contours showing lift-off heights for nine cases of Table 2  employing the T_1500 criterion. 
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Figure 6. Computed NO distribution in the diesel jets of Table 2. 

 

 
Figure 7. Computed soot distribution in the diesel jets of Table 2. 

 
The major challenge in the application of UFPV 

model is the selection of appropriate probability density 
functions (PDF) for the independent scalars and the 
choice of chemical kinetics. Nevertheless, from this 
discussion, it can be concluded that if the objective of 
the simulations is to predict ignition delay and model 
flame lift-off height, RANS models employing the 
UFPV model are adequate. In fact, even soot and NO 
predictions are qualitatively reasonable. 

 
2.2.2 LES of reacting diesel jets 

 
The prediction of soot and NOx is likely to be 

dependent on the highly transient nature of the reacting 
turbulent jet. Furthermore, the transient effects of large 
scale turbulent structures on lift-off height are likely to 
influence mixing and subsequently soot and NOx 
formation. The RANS models are unable to represent 
these effects. Diesel combustion is characterized by high 
chamber pressure and temperature, and high injection 
Reynolds numbers and consequently small Kolmogorov 
scales. Thus, the LES of diesel sprays is challenging due 
to the requirement of very fine grids and small numerical 

time steps. There have been few LES of non-reacting 
diesel jets [88-89] and even fewer to reacting diesel jets 
[90-91]. Hori et al. [90] performed LES of reacting 
diesel jets using the KIVA-LES code. Turbulent 
combustion was modeled using the eddy-dissipation 
model. Significant differences were observed in the 
computed heat release rates when compared to the 
experimental results. The jet and averaged flame 
structure was captured reasonably well. The reason for 
the discrepancy in the heat release rates was attributed to 
the relatively large grid sizes which were not able to 
capture all the energy containing scales. In other words, 
the LES more closely approximated RANS than “true 
LES”. Hu and Rutland [91] applied a flamelet model to 
represent combustion in their LES of diesel sprays, but 
this work was primarily in a diesel engine employing a 
fairly coarse mesh. Recently, Bekdemir et al. [92] 
performed LES of a diesel jet with tabulated chemical 
kinetics. The tabulated kinetics data was obtained from 
simulations of laminar igniting counterflow diffusion 
flames. An unstructured non-uniform grid was used 
which allowed the presence of fine grid near the nozzle. 
The ignition delay and flame lift-off heights were in 
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good agreement with the experimental results. But the 
unsteady evolution of the flame could not be captured 
well in their study.  Rutland provides a review of LES 
work in engines which also includes some discussion of 
sprays [93].  

Ameen et al. [94] and Ameen and Abraham [95] 
have employed LES to study reacting diesel-like jets 
employing the UFPV model. They studied transient 
flame evolution from ignition until flame stabilization at 

the lift-off height and concluded that ignition occurred in 
multiple spots around the jet and flame stabilized at a 
location where the scalar dissipation rate was 
approximately equal to the ignition scalar dissipation 
rate. The flame lift-off results are consistent with the 
findings of Bajaj et al. [58]. Figure 8 shows the transient 
evolution of the flame in the jet. 

 

 

 

 
Figure 8. Transient evolution of the mixture fraction (LHS) and temperature (RHS) profiles in the central X-Y plane at (a) 0.32 ms, (b) 0.34 ms, 

(c) 0.44 ms, (d) 0.60 ms and (e) 0.90 ms ASI. 
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3. Summary 
The discussion in this review will now be 

summarized with an emphasis on important 
conclusions and areas of further research. In the case of 
high-pressure diesel sprays injected into high-pressure 
high-temperature diesel environments, the vaporization 
of the liquid phase is mixing-controlled and the 
penetration of the liquid-phase is relatively short 
compared to the penetration of the vapor phase. Under 
these conditions, the spray can be represented as a 
vapor jet and the quasi-steady part of the jet has 
properties akin to that of the well-characterized 
turbulent quasi-steady jet. In fact, it has been suggested 
that under these conditions, there may be no liquid 
phase at all because the pressure and temperature in the 
chamber is supercritical relative to the fuel properties 
[96], although earlier work has suggested that the 
supercritical conditions are achieved only if the reduced 
pressure and temperature are about two [97, 98]. This 
recent suggestion that the liquid does not exist need 
further study.  

When the fuel injection is into an engine 
environment under cold-start conditions or into low-
pressure low-temperature environment as in low-
temperature combustion (LTC) compression-ignition 
engines, it is important to include the liquid phase. In 
fact, in these conditions, interaction of the liquid phase 
with the walls of the chamber may be significant. The 
accuracy of the atomization (primary, secondary), drop-
drop interaction, drop transport, and vaporization 
models become more critical. Unfortunately, more than 
thirty years of research into spray atomization 
notwithstanding, the physics of atomization remains 
elusive because of the challenges in experimentally 
characterizing the dense spray regime near the injector 
orifice. There has been significant progress in 
numerical simulations of atomization but they involve 
assumptions about the details of the breakup process. 
Much work remains to be done. Meanwhile, spray 
simulations under these conditions will continue to 
focus on overall spray characteristics such as 
penetration and spreading. 

In the case of reacting diesel sprays, if the only 
interest is in heat release rates, a hybrid kinetic-mixing 
controlled model within the context of RANS 
simulations is adequate. Predicting flame lift-off, 
however, requires more detailed kinetic representation 
of the combustion chemistry during the entire period of 
combustion. It has been shown that representation of 
the kinetics within the context of perfectly-stirred, 
partially-stirred reactor, conditional moment closure, 
flame surface density, and unsteady flamelet progress 
variable model assumptions are all able to reproduce 
experimental results with reasonably accuracy in RANS 
simulations. In other words, the turbulence/chemistry 
interaction model does not appear to be very critical. 
This is surprising and more work is needed to 
understand the reasons.  

In the case of engines, injection is intermittent and 
the spray is inherently transient. There has been no 
detailed investigation or experimental characterization 
of the combustion process after the end of injection. 
Post-injection combustion plays a dominant role in 
emissions formation/oxidation of hydrocarbons and 
soot. Additional work is required to understand this 
phase of combustion in engines. 

Nitric oxide in reacting diesel sprays can be 
predicted within reasonable accuracy based on 
comparisons with engine exhaust data. Soot predictions 
are, however, very challenging. When compared with 
experimental soot distribution in reacting diesel sprays, 
models can at best predict the measured results within 
an order of magnitude and distributions often do not 
match. Much work remains to be done in this area. In 
this regard, the importance of multi-scale structures and 
their transient behavior on emissions formation need to 
understood. In principle, insight can be gained through 
large-eddy simulations. Application of large-eddy 
simulations to reacting diesel sprays is still in its early 
stages and further work is needed. 

All things considered, significant progress has been 
made in the last quarter century and multidimensional 
engine models are routinely employed by engine 
industry in engine development work. When coupled 
with experimental work, they can provide useful insight 
and significantly reduce development time. 
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Abstract 
This presentation reports the development of synchrotron vacuum ultraviolet photoionization mass spectrometry (SVUV-PIMS) 

and the dedicated applications of this technique in various research topics of combustion and energy. The wide tunability of 
synchrotron photon energy can facilitate the selective identification of isomeric intermediates and near-threshold detection of radicals 
to avoid fragmentation interference; and the convenient combination of SVUV-PIMS with various laboratory-based approaches 
demonstrates its universality in combustion and energy researches. Recent experimental achievements have demonstrated the 
successful applications of SVUV-PIMS in studies of gas phase pyrolysis in plug-flow reactors and low temperature oxidation in jet-
stirred reactors, studies of spatial evolution of species concentrations in premixed and non-premixed flames, product distributions in 
pyrolysis of biomass and coal, and analysis of polycyclic aromatic hydrocarbons (PAHs), with objectives to validate current kinetic 
models and develop new kinetic models. Furthermore, some additional potential applications in combustion and energy researches are 
proposed. 

Keywords: SVUV, mass spectrometry, combustion, pyrolysis, oxidation, premixed/non-premixed flames, biomass  
 

1. Introduction 
Combustion has been used by human beings for 

about one million years and provides about 85% of the 
worldwide energy supply in modern society [1]. There 
are many unresolved problems in combustion studies. 
For example, formation mechanisms of air toxics in 
combustion such as nitrogen oxides (NOx), polycyclic 
aromatic hydrocarbons (PAHs) and soot are still 
insufficiently known [2-4]. These pollutants not only 
play roles as health hazards of human and animals, but 
also threaten the environmental security. It is known that 
rate-controlling steps of formation mechanisms of these 
air toxics are predominantly gas-phase reactions [5]. 
However, the understanding of combustion chemistry, 
which is still a big challenge due to the complex flame 
structure, including a great deal of isomeric structures 
and unstable radicals, is achieved experimentally by 
combustion diagnostics.  

Molecular-beam mass spectrometry (MBMS) 
technique has been proven as powerful and universal 
diagnostic procedure in many researches [4-8]. 
Conventional MBMS apparatus utilizes electron-impact 
(EI) ionization or laser photoionization as the ionization 
procedures. The major disadvantage of EI-MBMS is its 
energy resolution of the ionizing electrons. In this case, 
the identification of isomers and evaluation of their 
concentrations from raw data is often laborious [7,8]. 
Laser photoionization, including single-photon 
ionization (SPI) and resonance enhanced multiphoton 
ionization (REMPI), can produce minimum 
fragmentation of most hydrocarbons because of the total 
absorbed photon energy barely exceeds the ionization 
energy (IE), which is known as “soft” ionization [5]. 
However, laser SPI is limited in the isomeric 
discriminability due to the insufficient tunability of laser 
in vacuum ultraviolet (VUV) region which covers the  

 
IEs of most hydrocarbons. REMPI is seldom used 
because it is quite time-consuming and unfriend to 
operate since the wavelength must be changed for each 
molecule of interest to obtain isomeric selectivity and 
because the necessary spectroscopic data is often 
unavailable [5]. 

Synchrotron VUV photoionization combined with 
MBMS, called synchrotron VUV photoionization mass 
spectrometry (SVUV-PIMS), was first applied to low-
pressure premixed laminar flame studies at Advanced 
Light Source (ALS), Lawrence Berkeley National 
Laboratory (LBNL) [6,9], and later at National 
Synchrotron Radiation Laboratory (NSRL), University 
of Science and Technology of China (USTC) [10]. 
Subsequent work at USTC has greatly broadened the 
application of SVUV-PIMS and demonstrated the 
versatility of the technique for a wide range of reactor 
geometry and conditions [11], including fuel pyrolysis in 
a plug-flow reactor [12,13], oxidation in a jet-stirred 
reactor (JSR) [14-16], non-premixed coflow flames 
[17,18], and others [19-23]. Benefiting from its wide 
tunability and superior energy resolution, synchrotron 
VUV photoionization can minimize fragmentation 
interference, distinguish isomers, and detect radicals. It 
is a selective and sensitive ionization method. The 
application of SVUV-PIMS has achieved great success 
in combustion diagnostics, providing remarkable 
detection of combustion intermediates and identification 
of isomers [11]. 

In this paper, we report the recent developments and 
applications of synchrotron VUV photoionization mass 
spectrometry in many fields of combustion studies, from 
laminar premixed flame to diffusion flame, from 
pyrolysis in flow reactor to oxidation in jet-stirred 
reactor, and the analysis on the pyrolysis of biomass 
materials. The achieved performance exhibits the power 
of this new technique in current applications, as well as 
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its potential contribution to other topics of combustion 
chemistry. 

2. Synchrotron VUV Photoionization Mass 
Spectrometry 

2.1 Beamline 
 
The apparatus of synchrotron VUV photoionization 

mass spectrometry consists of three major instruments, 
that is, the beamline, MBMS system, and combustion 
instrument. In National Synchrotron Radiation 
Laboratory (NSRL) at Hefei, China, there are two 
beamlines for combustion chemistry research. One 
utilizes the bending magnet radiation from the 800 MeV 
electron storage ring, which has been reported in [10]. A 
1m Seya-Namioka monochromator equipped with a 
1,200 grooves/mm grating disperses the radiation with 
an energy resolution (E/∆E) of 500, covering the 
available photon energy from 6.2 to 11.8 eV. A LiF flake 
in the beamline can eliminate the high-order harmonic 
radiation. The average photon flux can reach as high as 
5 × 1010 photons/sec at E/∆E=500. The other beamline 
uses the undulator radiation which is dispersed by a 1m 
Seya-Namioka monochromator equipped with a 1,500 
grooves/mm grating covering the photon energies from 
7.8 to 24 eV with an energy resolving power around 
1000. Its facility is similar to the bending magnet 
beamline, but using a gas filter with Ne or Ar filled in 
the gas cell to eliminate higher-order harmonic radiation 
instead of the LiF flake. The average photon flux can 
reach the magnitude of 1012 photons/sec. The difference 
between the lowest photon energies available from two 
beamlines (6.2-7.8 eV) is significant, since IEs of most 
large aromatic hydrocarbons and PAHs locate in this 
range. 

2.2 MBMS System 
 
Description of our MBMS system can be found in 

our previous publications [10,24,25]. Here we take 
premixed flame platform for example to briefly 
introduce the experimental measurement procedure of 
MBMS technology. Figure 1 schematically shows the 
combination of premixed flame system and the MBMS 
system. The flame chamber with a 6.0-cm-diameter 
McKenna burner is coupled to the MBMS system, which 
is composed of a differentially pumped chamber with a 
molecular-beam sampling system and a photoionization 
chamber with a homemade reflectron time-of-flight mass 
spectrometer (RTOF-MS) [10]. The pump system used 
to maintain the vacuum of the MBMS system has been 
described in [10]. The flat premixed flame stabilized on 
the burner surface is sampled by a quartz cone-like 
nozzle with a 40° included angle and a ~500 μm orifice 
at the tip. The external angle of the sampling nozzle is 
chosen to be 40° as a compromise between cooling 
efficiency and a minimized effect of nozzle intrusion 
[26], which has been discussed earlier. The sampled 
flame species form a molecular beam in the differentially  

 
Fig.1 Schematic diagram of the MBMS system coupled 
to the premixed flame system at NSRL. 

 
pumped chamber and pass into the photoionization 
chamber through a nickel skimmer. The molecular beam 
is crossed perpendicularly by the synchrotron VUV light 
in the ionization region. The yielded photon-ions are 
collected and analyzed by the RTOF-MS.  

2.3 Photoionization Efficiency Spectra 
 
The most important feature of combustion studies 

using SVUV-PIMS is the measurement of 
photoionization efficiency (PIE) spectra, which can 
facilitate the unambiguous identification of combustion 
intermediates that is unavailable for conventional 
MBMS methods. With variation of photon energy, a 
series of mass spectra can be measured, e.g. in the 
middle of the luminous flame region in a premixed 
flame, where most combustion intermediates have high 
concentrations. The integrated ion signals of each mass 
peak weighted by photon flux can be plotted in the 
function of the photon energy, yielding the PIE spectra 
containing precise information of the ionization 
thresholds. Considering the cooling effect of molecular 
beam [27], the errors of IE determination are ±0.05 eV 
for species with strong signal-to-noise (S/N) ratios and 
±0.10 eV for species with poor S/N ratios. The 
information of the molecular weight and ionization 
thresholds can help to identify the dominant 
intermediates in combustion process through the 
accordance of ionization thresholds obtained and 
literature IEs, e.g. from NIST online database [28] and 
many previous calculation studies [25,29-32]. 
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3. Applications in Combustion Study 

3.1 Pyrolysis in Flow Reactor 
 
The flow reactor is a common experimental system 

for studying combustion chemistry [33-38]. Recently, we 
applied SVUV-PIMS to a plug-flow reactor for pyrolysis 
studies [12,13,39-42]. The isomer-specific identification 
and concentration measurements of pyrolysis species 
elucidate fundamental reaction pathways and validate 
reaction rates. 

As shown in Fig. 2, the main part of the pyrolysis 
apparatus at NSRL is the pyrolysis chamber with an 
alumina flow tube heated by a furnace surrounded 
outside. The inner diameter (ID) of the flow tube is 
6.0~6.8 mm and the length of the heated region is 
50~150 mm [13,40]. During pyrolysis experiments, a 
mixture of Ar and gaseous fuel or vaporized liquid fuel 
is fed into the flow tube, and the pyrolysis products are 
sampled 10 mm downstream the outlet of the reactor by 
a quartz nozzle, subsequently analyzed by MBMS 
system. 

The temperature profiles along the centerline of the 
flow tube are measured by thermocouple along the entire 
flow streamline and the maximum value is denoted as 
Tmax, as shown in Fig. 2b. The uncertainty of Tmax is 
estimated within ±30 K. The temperature profiles are 
used as the experimental temperatures for simulations.  

The pressure at the exit of the reactor (Poutlet) can be 
controlled from 5 to 760 Torr. The Reynolds number 
(Re) of the flow is less than 2000 in the Tmax range of 
600 to 1900 K, indicating that the flow is laminar under 
the experimental conditions [12]. The pressure 
distributions along the flow tube was evaluated using Eq. 
1 by assuming that the gas inside the flow tube is pure 
Ar [13]. 

ν𝑑ν + 𝑑𝑝 𝑝⁄ + 𝑑𝐹 = 0 (1) 
Here v, p, ρ and F are velocity, pressure, density and 

frictional resistance, respectively. Pressure variation is 
accounted in all the simulations. But for experiments 
with pressures above 30 Torr, the discrepancy between 

 
Fig. 2 (a) Schematic diagram of pyrolysis apparatus with 
molecular-beam-sampling mass spectrometer. (b) The 
temperature profiles along the centerline of the flow tube 
[43]. 

 
 P inlet and Poutlet is found to be less than 10%. In that 
case, the pressure can be treated as constant. 

Two experimental modes are performed in the 
pyrolysis experiment: one is measureing the PIE spectra 
at a specific Tmax to identify the pyrolysis products, the 
other is scanning Tmax at several fixed photon energies to 
yield mole fraction profiles of pyrolysis species. The 
method was applied to study the pyrolysis of n-butanol 
[43]. Plug Flow Code in  Chemkin-PRO software was 
used to simulate the pyrolysis experiments [44]. Figure 3 
shows an example for the comparison between the 
simulation and experiment. First, the mole fractions of n-
butanol were simulated along the flow tube with 
different T and P profiles. Because the pyrolysis species 
were sampled at 210 mm (shown in Fig. 2), the 
simulation results at 210 mm were used to compare with 
the experimental data as a function of Tmax (as shown in 
Fig. 3).  

 

 
Fig. 3 (a) Simulated mole fractions of n-butanol along the flow tube at Tmax = 1250, 1400 and 1550 K in the 

pyrolysis of n-butanol [43]. (b) Experimental and simulated mole fractions of n-butanol at the sampling position (210 
mm from the inlet) over temperature range of Tmax = 1000 to 1600 K. The red triangles are the simulated data, and the 
open squares in (b) are the experimental results, respectively. 
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Fig. 4 Experimental (symbols) and simulated (lines) mole fraction profiles of n-butanol (C4H9OH) (left panel) and 

1-butene (right panel) during n-butanol pyrolysis at 5 Torr [43]. The dashed lines and dotted lines are the sensitivity of 
predicted mole fraction profiles with respect to the rate coefficients of the overall unimolecular decomposition of n-
butanol (R1-R4 labeled in the figure, left panel) and of the water elimination channel of n-butanol decomposition to 
produce 1-butene (R1, right panel) 
 

These experiments can be designed to validate the 
reaction rate-coefficient measurements or calculations 
through the sensitivity analysis, especially for primary 
decomposition of fuels. For example, the production of 
1-butene (C4H8) during n-butanol pyrolysis (Fig. 4) is 
the most sensitive to the reaction of water elimination 
from n-butanol, C4H9OH = 1-C4H8 + H2O. It indicates 
that changing the rate coefficients by a factor of 2 leads 
to obvious difference for simulated results [43]. Figure 4 
exhibits the sensitivities of n-butanol consumption with 
respect to the total rate of its unimolecular 
decomposition, and of 1-butene production with respect 
to the rate of water elimination from n-butanol. Pyrolysis 
experiments on butene isomers [13], tert-butanol [39], 
tetralin [42], and pyrrolidine [41] also show that fuel 
consumption and primary product formation are 
sensitive to reactions involving the reactant producing 
these primary products, which can be easily validated by 
this method. 

3.2 Oxidation in Jet-Stirred Reactor 
 

Low-temperature oxidation chemistry is related to a 
range of phenomena, including autoignition, cool flame 
and negative-temperature coefficient (NTC) region [45]. 
Though widely accepted, the assumption that peroxides 
play a significant role in the low-temperature oxidation 
of hydrocarbons is only experimentally confirmed after 
the recent application of SVUV-PIMS to the low-
temperature oxidation of n-butane in JSR [14]. The 
apparatus consists of a JSR with a sidewall pinhole for 
molecular-beam sampling, a differential pump system, 
and a photoionization chamber with a home-made 
RTOF-MS, as shown in Fig. 5 [46,47]. Molecular-beam 
sampling can “freeze” peroxides, and the special features 
of SVUV-PIMS facilitate the detection and 
concentration measurements of this special intermediate 
family. The results are invaluable for illustrating the 
mechanism and quantifying rates of low-temperature 
oxidation. For example, the oxidation of n-butane was 
studied at pressure of 1 atm and temperatures from 560 

 
Fig. 5 (a) Schematic diagram of the instrument including 
a heated quartz jet-stirred reactor, a differentially 
pumped chamber (I) with a molecular-beam sampling 
system, and a photoionization chamber (II) with the 
reflectron time-of-flight mass spectrometer [14,16]. (b) 
Illustration of the molecular-beam sampling and 
photoionization systems [14]. 
 
to 720 K, with an equivalence ratio (φ) of unity [14]. For 
the mass peaks of m/z = 48, 62, 90 and 104, PIE spectra 
(see Fig. 6) taken at 630 K identify these species as 
methylhydroperoxide (CH3OOH), ethylhydroperoxide, 
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butylhydroperoxides and C4-ketohydroperoxides 
[14,15]. 

 
Fig. 6 Photoionization efficiency spectra of m/z = 48, 62, 
90 and 104 sampled from a jet-stirred reactor at 
temperature of 630 K (adapted from the supplementary 
material of ref. [15]). 
 

 
Fig. 7 Mole fraction profiles of n-butane during its 
oxidation in a jet-stirred reactor at a residence time of 6 
sec (filled circles: SVUV-PIMS, open squares: GC, solid 
line: simulated results) [16]. 
 

 
Fig. 8 Comparison between the experimental (symbols) 
and the predicted (lines) mole fraction profiles of 
hydroperoxides produced during n-butane oxidation in a 
jet-stirred reactor with a residence time of 6 sec [16]. 
 

Mole-fraction profiles of the reactants and products 
can also be determined as a function of temperature in 
the SVUV-PIMS experiment. Figure 7 shows that the 

mole-fraction profiles of n-butane measured by GC and 
SVUV-PIMS are in good agreement. It can be seen that 
the reaction starts at about 580 K and the NTC zone is 
observed above 630 K. The mole fraction profiles of four 
hydroperoxides exhibit a sharp peak at around 590 K and 
decay very quickly above this temperature, as shown in 
Fig. 8 [16]. A reaction model of n-butane oxidation can 
reproduce the shapes of these species rather well, as 
illustrated in Figs. 7 and 8.  

3.3 Laminar Premixed Flames 
 
Low-pressure (15-50 Torr) laminar premixed 

flames stabilized on a McKenna burner have a good 
flame stability and are considered quasi-one-dimensional 
structure amenable for detailed numerical simulations. 
The construction of the facilities was introduced in 
Section 2.2. In the flame chamber, a McKenna burner is 
installed on a step motor which can translate the burner 
precisely along the axial direction of the flame. The 
fuel/oxidizer/diluent gas mixture is fed to the burner, 
stabilizes a premixed laminar flame on its porous metal 
surface. The visually luminous flat-shaped reaction zone 
is usually in a short distance from the burner surface, 
while the preheat zone and postflame zone are defined as 
the region before and after the reaction zone, 
respectively. By measuring PIE spectra, flame species 
can be identified. And by scanning the sampling position 
of the probe, the mole fractions of identified flame 
species can be plotted as a function of the height above 
burner (HAB). 
Premixed flames of dozens of fuels, including 
hydrocarbons, oxygenated biofuels, nitrogenous fuels 
and fuel blends, have been studied with SVUV-PIMS 
[24,48-57]. The application of SVUV-PIMS to low-
pressure premixed flame permits isomer-specific 
identification for both stable and unstable flame species 
simultaneously, especially for many radicals and novel 
flame species such as enols and polyynic species. For 
example, in Fig. 9 enols containing 2-4 carbon atoms 
were detected unambiguously in premixed flames of 
various single-component or practical hydrocarbon fuels 
and bio-alcohol fuels [24,53,58], which verified the 
unsolved postulation of Erlenmeyer since 1880 and 
sheds new light on the hydrocarbon oxidation models 
[48,59]. These studies have provided excellent data sets 
for the validation and development of relevant kinetic 
models. Fig. 10 shows the measured and predicted mole-
fraction profiles of major species and several radicals in 
a rich premixed toluene flame (φ = 1.5) at 30 Torr. Based 
on comparison between experimental and modeling 
results, kinetic models can be improved by the addition 
of new pathways with calculated rate constants. It can be 
observed that the updated model can reproduce well the 
measured mole-fraction profiles of the flame species, 
especially for the intermediates that played important 
roles in the decomposition of toluene. Furthermore, 
based on ROP analysis of the modeling results, the 
reaction-flux diagram can be constructed to depict 
visually the chemistry in the combustion process. For 
instance, Figure 11 is the reaction pathways of the 
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toluene decomposition in a rich premixed flame of 
toluene (φ = 1.75) at 30 Torr [60].  

 

 
Fig. 9 PIE spectra of m/z = (a) 72, (b) 58, and (c) 44 in 
rich premixed flames of four butanol isomers [24]. 
 

 
Fig. 10 Measured (symbols) and predicted (lines) mole-
fraction profiles of (a) major species and (b) benzyl, 
cyclopentadienyl, and propargyl radicals in a rich 
premixed toluene flame (φ = 1.50) at 30 Torr [52]. 
 

 

Fig.11 Reaction flux of a rich premixed toluene flame (φ 
= 1.75) at 30 Torr [60]. 
 

 
Fig.12 Schematic diagram of the new designed premixed 
flame system in NSRL. 

 
In order to investigate pressure-dependent effect in 

premixed flames, recently, we have built a new flame 
machine, the pressure of which can vary from 30~760 
Torr. In this new design, we used octupole ion guide and 
quadrupole ion trap. Therefore the sensitivity and the 
mass resolution improved a lot. Figure 12 shows the 
photograph [61]. 

3.4 Co-flow Non-premixed Flames 
 
Coflow non-premixed flames can promote PAH and 

soot formation, making it one of the ideal laboratory 
combustion systems to study the formation process of 
PAHs and soot. Usually, soot volume fractions are 
measured using planar laser-induced fluorescence 
(PLIF), laser-induced incandescence (LII), or other 
optical spectroscopies [5,62,63]. The experimental 
results of these methods coupled with numerical study 
are very helpful in understanding the soot growth 
mechanism. However, there is a gap in the knowledge of 
the formation mechanism from PAHs to nascent soot. 
Some previous work on the detection of flame species, 
especially hydrocarbon products, with laser VUV-PIMS 
has been reported [5,64]. Concentrations of fuel 
decomposition products, oxygenates, hydrocarbon 
growth products, and PAHs can be measured by mass 
spectrometry along the central axial direction and/or the 
radial direction. However because of the limited 
wavelength tunability of laser VUV-PIMS mentioned 
above, isomers cannot be identified easily.  

Recently we applied SVUV-PIMS to coflow non-
premixed flame studies at atmospheric pressure at NSRL 
[17,18]. As shown in Fig. 13, the apparatus is composed 
of a laminar coflow non-premixed flame burner, a 
differentially-pumped chamber with a molecular-beam 
sampling system and a photoionization chamber with a 
RTOF-MS. The burner consists of two coaxial stainless 
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steel tubes. The inner tube is 10-mm ID and the outer 
tube has a diameter of a 102-mm (ID). A mixture of fuel, 

 
Fig. 13 Schematic experimental setup of coflow non-
premixed flame used at NSRL. (a) A schematic sketch of 
the burner. (b) A schematic diagram of the gas analysis 
system [17,18]. 
 
diluent gas N2 and calibration gas Ar flows through the 
inner tube. Air flows through the annular region between 
the two tubes. A quartz probe with an orifice about 150 
µm in diameter is used to sample the flame. The burner 
is mounted on a 2D-step-motor-locator to control the gas 
sampling position along the flame height and radial 
directions accurately. PIE spectra can be measured to 
identify major flame species and stable intermediates. 
Radicals are hardly detected because of longer sampling 
probe used in this study than the molecular-beam 
sampling nozzle mentioned above. 

The fuel-rich core in the coflow non-premixed flame 
is always the main fuel decomposition and aromatics 
formation area. The sampling probe can detect the 
spatial distributions of the hydrocarbons in this area. 
Combining with the CFD simulation performed in 
laminarSMOKE [17,18,65], the combustion kinetics of 
the fuel as well as the PAH formation chemistry in the 
kinetic model can be validated quantitatively. Figure 14 
shows the experimental and simulated results of methane 
flames doped with different ratios of n-butanol [66]. 
Benzene precursors, MAHs and PAHs are well predicted 
by our model. As shown in Fig. 15, formation pathway 
analysis suggests that the recombination of acetylene and 
methyl radical is the major formation pathway of 
propyne, which consequently controls the production of 

benzene and phenyl radical in this flame condition. The 
doping of n-butanol enhances the formation rate of  

 

 
Fig. 14 Experimental measurements and modeling 
predictions of the mole fractions of flame intermediates 
in methane co-flow flames doped with n-butanol [66]. 
 

 
Fig.15 Major reaction pathways in Flame 1. The 
thickness of the arrows is proportional to the rate of the 
reactions. Dotted arrows highlight the interactions 
between n-butanol and methane; and gray arrows 
highlight the oxidation pathways [66]. 
 
benzene in this flame by increasing the mole fractions of 
ethylene and allene, both of which could increase the 
production of propargyl radical. Further analysis on the 
formation of large PAHs could also be performed, 
however, it cannot be discussed in detail because of the 
limit on the length of the paper. 

3.5 Pyrolysis of Biomass Materials 
 
Biofuels are attracting great attention because many 

of them are renewable and have low emissions of carbon 
dioxide and sulfur dioxide compared to fossil fuels 
[67,68]. Available thermochemical methods for 
converting biomass to biofuels mainly consist of 
gasification, pyrolysis, and combustion. The pyrolysis 
method is to heat biomass to moderate temperatures in 
the absence of oxygen, which produces charcoal, bio-oil, 
and fuel gas [69]. However, the use of bio-oil is limited 
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by its low volatility, high viscosity, corrosiveness, and 
thermally instability [70], all of which are related to the  

 
Fig.16 Schematic diagram of biomass pyrolysis 
apparatus. The right part of the diagram is a RTOF-MS 
[19]. 
 

 
Fig.17 (a) photoionization mass spectra of the pyrolysis 
products of poplar at the temperature of 300 °C [19]. (b) 
photoionization mass spectra of the pyrolysis products of 
poplar at the photon energy of 10.5 eV [19]. 
 
chemical composition of the bio-oil. An understanding 
of kinetics and mechanisms of biomass pyrolysis can be 
very useful for designing the pyrolysis process to 
optimize its composition and other related properties. 

Recently, we developed a new setup to study 
biomass pyrolysis based on SVUV-PIMS at the NSRL 
[19]. As shown in Fig. 16, a QSTAR Pulsar hybrid 
quadrupole time-of-flight mass spectrometer (QTOF-
MS) (AB Sciex, Toronto, Canada) was modified for the 
study of biomass pyrolysis. The experimental setup 
consists of a pyrolysis chamber, a photoionization 
chamber, and the QTOF mass spectrometer with mass 
resolution of 10,000 and mass range of 30~20,000 Da. 
Nitrogen, as the carrier gas, is used to bring the gas-
phase products to the Q0 chamber. The gas-phase 
products pass through a repeller plate with 3 mm ID 
aperture and enter the photoionization region, and then 
the ions produced by SVUV are guided into the QTOF-
MS by a repeller plate and a skimmer, as shown in Fig. 
16. Nitrogen is also used for collisional cooling and 

focusing the ions entering the instrument in the Q0 
quadrupole. Furthermore, we can choose one specific ion  

 
Fig.18 Time-evolution of product species from the 
pyrolysis of poplar wood at 500 °C and 10.5 eV: (a) total 
ion current, and (b)-(d) selected species profiles from 
hemicellulose and lignin [19]. 
 
by Q1 and do collision-induced dissociation (CID) for 
the specific ion in Q2. With the help of a CID 
experiment, important structural information of the 
selected ion can also be provided. 

The mass spectra of poplar pyrolysis products are 
recorded as a function of photon energy (see Fig. 17a), 
temperature (see Fig. 17b) and reaction time (see Fig. 
18). As seen, the spectra show high sensitivity and 
minimum fragmentation compared to those that would 
be obtained by EI ionization. The pyrolysis products 
have been assigned based on three subunits of lignin 
including p-coumaryl (H subunit), coniferyl (G subunit) 
and sinapyl alcohol (S subunit), showing that poplar is a 
typical hardwood. The measurements show that G and S 
subunits of lignin exhibit different trends with increasing 
temperature: the intensities of the S subunit first increase 
and then decrease, whereas those of the G subunits 
decrease continuously, which is most likely caused by 
their different gas-phase cracking behavior. The time-
evolution profiles reveal that the earliest products are 
formed from hemicellulose, followed by the high-
molecular-weight lignin products, then those with lower 
molecular weights. Possible pyrolysis mechanisms 
include the formation of double bonds, hydrogen 
transfer, etc. This work demonstrates that SVUV-PIMS 
is a powerful approach to a better understanding of the 
mechanisms underlying biomass pyrolysis. 
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4. Conclusion and Perspectives 
 
The successful application of synchrotron VUV 

photoionization mass spectrometry in premixed flame 
studies has built a firm foundation for its further 
developments and applications in other topics of 
combustion studies. The most powerful point of this 
technique is its wide tunability of photon energy, which 
can facilitate the selective detection of most combustion 
intermediates. Our recent efforts extended the coverage 
of synchrotron VUV photoionization mass spectrometry 
in various laboratorial combustion systems, highlighting 
its universality in combustion studies. This paper 
demonstrated these properties, and summarized most of 
our recent achievements in combustion studies. 

It can lead to the progress in our knowledge of 
combustion chemistry with the applications of 
synchrotron VUV photoionization mass spectrometry in 
pyrolysis in flow reactor, oxidation in jet-stirred reactor, 
premixed flames, co-flow diffusion flames, and pyrolysis 
of biomass materials. Combustion intermediates, 
including isomeric structures and reactive radicals, have 
been distinguished unambiguously. Many of them were 
unreported in previous experimental studies. The 
comprehensive detection of combustion intermediates 
can present more precise targets for studies of reaction 
channels via quantum chemical calculation. Furthermore, 
quantitative analyses on the chemical structures, that is, 
the detailed concentration profiles of observed species, 
are available for most applications. These results can 
serve as bases for the improvement of current kinetic 
mechanisms and the future development of new 
mechanisms. 

Although we have already done various 
applications, there are still a lot of species that can hardly 
be detected because of the detection limitation of our 
machine (around 10 ppm due to low photon flux). We 
expect more developments and applications of this 
technique can be achieved in future to improve our 
knowledge of basic combustion processes, not only in 
different combustion systems, but also in other topics of 
energy-related study. 
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Abstract 
Tall buildings are currently designed on the basis of a “worst case scenario” formulation for fires. This worst case scenario is 

based on extensive testing done in the 1960’s and 1970’s. These tests had to critical characteristics, they were mostly conducted in 
small compartments with almost cubic geometry and they were very poorly instrumented. Modern buildings have compartments that 
are in many cases very large with aspect ratios far from cubic. This is important in that the aspect ratio defines the nature of turbulent 
mixing and oxygen supply to the combustion zone. Furthermore, for small cubic compartments mixing is intense resulting in an 
almost homogeneous distribution of temperature and species, in a large compartment the gradients of temperature and species are very 
significant. Low instrumentation density can be justified for the former but not for the latter. This presentation discusses a series of 
large scale experiments conducted with a compartment 18 m x 5 m x 2 m where the fire was allowed to propagate. Temperatures, heat 
fluxes, velocities and species were measured with a resolution consistent with typical CFD fire models. 

 
Keywords: Compartment fires, fire safety, large scale experiments. 
 

 

1. Introduction 
The number of tall buildings constructed is 

increasingly ever more rapidly. They are evolving in 
height, construction materials, use, and compartmental 
composition. The evolution of height is staggering when 
it is considered that until January of 2010, the tallest 
completed building (Taipei 101) stood at 508m, a mantle 
now held by the Burj Khalifa at 828m. The increasing 
number of 600m+ buildings being conceived has led to 
the recent coining of the term mega-tall. According to 
statistics from the Council on Tall Buildings and Urban 
Habitat [1], 17 of the tallest 100 buildings in the world, 
as of the end of 2011, were completed within that year. 
The driving forces behind this progression are inevitably 
financial, political and environmental, but it is modern 
technological developments, both structural and material, 
which have truly enabled the continued evolution of 
these buildings. The tall building of today is a 
completely different entity to that of a decade ago with 
the propensity for change even greater in the immediate 
future. The recent explosion in numbers has caused a 
number of engineers and governmental organizations to 
look at this genre with specific focus, not least from the 
perspective of fire safety [2]. 

The only recorded structural failures in tall buildings 
in the last 30 years are earthquake and fire related, and in 
the case of mechanical failure resulting from 
earthquakes, it was failure to adhere to building code 
requirements or accepted engineering practices that 
ended with the undesired result. Where strong code 
enforcement and/or adequate engineering is prominent, 
major earthquakes have resulted in no significant 
damage to tall structures, thus there is a strong feeling 
that structural design, in particular with respect to 
seismic loading, is evolving in step with the 
transformation of tall buildings. The case of fire failures 

is clearly different with the last decade or so seeing the 
collapses of tall buildings of different structural forms as 
a result of fire. In this period we have seen the collapses 
of steel buildings such as the World Trade Center 
buildings 1, 2, 5 & 7 (USA) [3,4], of buildings of mixed 
construction such as the partial collapse of the Windsor 
Tower (Spain) [5,6], and of concrete buildings such as 
the Delft University office (Netherlands) [7] and Caracas 
“Central” tower (Venezuela) [8]. Furthermore, we have 
seen how classic prescriptive solutions failed to manage 
smoke (Cook County Building (USA) [9] and 
Camberwell fire (UK)) [10] and modern buildings using 
state-of-the-art fire engineering failed to contain the full 
propagation of a fire (TVCC, China) [11]. 

Forensic analyses of these fires [3,4,6,7,12,13,14] 
have indicated that the needs of modern tall buildings are 
beyond the scope of applicability of current fire safety 
codes and engineering practices. The fire that burned an 
entire 28-storey residential building in Shanghai 
(15/11/10), killing 58 people [15] clearly illustrates the 
disastrous consequences of fire not being adequately 
considered or integrated into the design process. The fire 
spread rapidly via the external façade through the entire 
building disabling egress. This failure emphasises the 
lack of proper design tools required to ensure safety in a 
rapidly evolving construction industry where issues other 
than fire safety (in this case energy) are the main drivers 
for innovation. Analyses of several of these failures 
[3,4,6,12] and current design practises reveal that fire 
safety codes are no longer capable of providing implicit 
safety for the rapidly evolving needs of modern tall 
buildings and are being extensively substituted by 
performance based design methods that in many cases 
still require validation. This work describes a series of 
validation studies that intend to address some areas were 
strong departure from prescriptive principles has been 
observed. 
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2 The Compartment Fire Framework  

2.1 Background  
A holistic Fire Safety Strategy for a tall building is 

essentially a function of time. It contains two principle 
components; egress strategy and building performance. 
Building performance can be further broken down into 
structural performance and fire spread mitigation e.g. 
compartmentalization. The evacuation strategy is 
concerned with defining the time required to safely 
evacuate all building occupants. Building performance 
concerns the time that the structure can withstand the 
effects of the fire and the compartmentalization remains 
in place and functional. In everyday design scenarios, the 
two components can usually be dealt with separately. 
Times associated to evacuation are typically of the order 
of minutes while structural / compartmentalization times 
are more typically of the order of hours. It is thus usually 
inherent that the structure and compartmentalization will 
remain intact for a period that comfortably allows for the 
implementation of the egress strategy. This is not the 
case however for tall buildings. The ever exaggerated 
heights combined with the limited number of vertical 
escape routes results in these two components becoming 
coupled. Evacuation times are extended to an order of 
magnitude comparable with that of the heating times of 
structural elements and by extension, the potential failure 
times of these structures. Evacuation and structural / 
compartmentalization failure are therefore at risk of 
overlapping as was the case of the WTC towers. This 
problem will only be further exacerbated as buildings 
become taller and more complex. It is therefore critical 
to look in detail at the way in which 
structural/compartmentalization failure is analysed. 

Design methods use the concept of fire resistance to 
define failure of structural/compartmentalization. Fire 
resistance has traditionally been defined as a function of 
a standard temperature time curve [15], with structural 
elements tested as single elements and their ratings 
defined as the time to attain a pre-specified failure 
criteria, traditionally a critical temperature. More 
recently, through the Cardington Tests [16], it has been 
recognised that this is not a realistic way of determining 
the performance of structures in fire. Post-Cardington 
analyses have used Parametric temperature vs time fire 
curves and time equivalence concepts as input to the 
structure showing significant effect of the heating rates, 
period and cooling. Furthermore, numerous studies have 
emphasised that the presumed “worst case” fire loading 
imposed by homogeneous heating might not represent 
the most onerous scenario. Systems with long span light-
weight floors where the load is shared by a stiff core and 
external structure are particularly vulnerable to multiple 
floor fires [12]. While for regular I-beams homogeneous 
heating seems to be a “worst case” condition, it is not for 
light-weight cellular beams which are vulnerable to 
localised heating [17]. In the analysis of WTC-7, NIST 
[4] concluded that long spans can induce progressive 
collapse if the detailing of the connections and the 
symmetry of the beam arrangement is not adequately 
characterised. Finally, the potential for failure during 

cooling has been identified in many of these modern 
systems [18], showing the need for a heterogeneous 
heating/cooling assessment as an essential component of 
a detailed analysis of the behaviour of a structure in fire. 
The advocating of performance-based design for tall and 
innovative buildings acknowledges the inability of 
furnace testing of individual structural elements to assure 
the provision of adequate structural fire safety 
encouraging the use of other more fundamental 
definitions of the fire. 

2.2 The Compartment Fire  
Studies based on the compartment fire framework 

[19-26] establish two regimes for fully-developed (i.e. 
post-flashover) fires: the small and the large opening 
regimes. The 1st regime (Regime I) is the known “well-
mixed or one-zone” case, which assumes that the smoke 
layer reaches the floor and the entire enclosure is filled 
with gases at a uniformly elevated temperature. During 
this stage, the pressure and thus the velocity of the air 
drawn to the fire zone is determined by hydrostatic 
pressure differences associated to the density differences 
between the hot smoke (inside) and the cold air 
(outside). Within the compartment temperature 
differences are assumed negligible so motion inside is 
ignored and the exchange of mass occurs only at the 
opening. This makes the opening heights the 
characteristic length scale and the opening area the 
characteristic surface through which the air enters the 
compartment. When large openings exist, a 2nd regime is 
described (Regime II), one where there is a rapidly 
moving flame zone in the fire and there is little or no part 
of the enclosure where the gases may be regarded as 
nearly stationary. Hence the air drawn to the fire zone 
will not be determined by the opening, as in the previous 
case, but by the turbulent entrainment into a flame. The 
characteristic length scale then becomes the fire effective 
diameter and the characteristic surface area is the air 
entrainment perimeter. Thought to be more severe [26], 
the 1st regime is used to describe compartment fire 
behaviour and serve as the design basis.  

3 The Original Large Scale Tests  
Two series of large scale experiments provide the 

initial set of data associated to the definition of the the 
Compartment Fire framework, those by Kawagoe [27] 
and those of the CIB study [21-25]. The CIB programme 
summarizes Kawagoe’s experiments therefore will be 
used to describe the nature of the tests. The shape of the 
compartment used in the CIB Programme was 
rectangular, designated by a three figure code 
representing the three principal dimensions of width, 
depth and height, all of them relative to the height. Thus, 
a 211 compartment measured 2 units wide, 1 unit depth 
and 1 unit height. The four shapes of compartment 
examined in still air conditions were 211, 121, 221, and 
441. The scale of the compartment was taken as the 
compartment height, and scales of ½, 1, and 1-1/2 meter 
were employed. Therefore, the larger compartment size 
was 6 m x 6 m x 1.5 m height.  
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The data obtained through these experiments is 
mainly burning rates (R) and average compartment 
temperatures (T). The weight of the fuel was obtained 
throughout each test either by weighting the whole 
compartment or by weighting the floor separately. The 
temperatures were recorded by only two thermocouples 
placed at ¼ and ¾ of the compartment height above the 
centre of the floor. As exposed by Thomas and Heselden 
[23], this definition of position meant that in some cases 
the lower thermocouple laid inside the wood cribs that 
were used as fuel. The accuracy of the average 
temperatures is therefore questionable. 

Although the CIB data for average temperatures vs. 
the opening factor (hydrostatic scaling) presented 
significant scatter, Thomas & Heselden [23] drew a best-
fit line through one of the fuel configuration data sets -
(2,1) crib configuration, meaning 20 mm thick sticks 
spaced 20 mm apart- obtaining as a result the very well-
known plot presented in Figure 1. 
 

 
Figure 1 Average compartment temperature for the CIB 
Tests, extracted from [23]. 
 

As it can clearly be seen, according to this best-fit 
line, going from left (Regime II region; i.e. large opening 
regime) to right (Regime I region; i.e. small opening 
regime) the average temperature first rises as the opening 
factor increases, reaching a maximum in the range of 8 
to 15 m-1/2 which falls already in the Regime I region, 
and then decreases almost linearly as one keeps moving 
further towards the right of the plot.  

Similar graphs for other fuel crib configurations 
were presented by Thomas & Heselden [23] after the 
CIB Programme results were compiled and analysed, but 
because this (2,1) configuration resulted in higher 
average temperatures, they are usually recommended for 
design analysis. If the data points altogether with their 
tremendous scatter are analysed, or even if tendency or 
best-fit lines are drawn through the different fuel 
configuration data sets, it is found that although the (2,1) 
configuration effectively presents the higher 
temperatures measurements, this is only within the 
Regime I region but not always within the Regime II 
region or the high ventilation regime. Moreover, it is 
precisely in this Regime II region where the scatter -
associated with fire load, scale and shape- is much more 
pronounced than in the small opening regime region 
(Regime I), and where -opposite to Regime I- a 

theoretical analysis (heat balance analysis) cannot be 
used to corroborate the form of the data curve due to the 
intrinsic complexity of its variables.   

An important finding in the CIB Programme was 
that high values of the enclosure’s depth to height ratio 
produce a non-uniform temperatures horizontally and 
large windows non-uniformity vertically. Being the 
ceiling temperatures usually the maximum temperatures 
found in an enclosure fire.  

4. Non-Uniformity and the “Natural Fire”  
Following the observations of the CIB studies, 

Stern-Gottfried et al. [28] state that fire scenarios 
currently used for the structural fire design of modern 
buildings are based on the extrapolation of existing fire 
test data, which stems from tests performed in small 
compartments that are almost cubic in nature. They 
explain that this test geometry allows for good mixing of 
the fire gases and thus for a uniform temperature 
distribution throughout the compartment, whereas close 
inspection of real fires in large and open compartments 
reveal that they do not burn simultaneously throughout 
the whole compartment but they tend to move as flames 
spread, partitions or false ceilings break, and ventilation 
changes through glazing failure. These fires, which have 
been labelled “travelling fires”, produce fire situations 
and scenarios that are completely excluded from the 
range of applicability of the current methodologies.  

Additionally, Drysdale [26] explains that most of 
our knowledge of the behaviour of compartment fires 
comes from experiments with near-cubical 
compartments, with characteristic dimensions ranging 
from 0.5 m to 3 m which of course are very different in 
shape and size compared with typical spaces in modern 
commercial buildings. 

 
Figure 2 Temperature distributions for the Natural Fire 
safety Concept Tests [29] 

 
In 1999 and the Natural Fire Safety Concept 2 test 

series at Cardington [29] included a much greater spatial 
resolution of instrumentation.  The eight Cardington tests 
were conducted in a room 12 m x 12 m x 3 m with 
uniformly spaced fuel load packages distributed across 
the floor.  Sixteen thermocouple trees containing four 
thermocouples each were placed on a uniform grid in the 
compartment to record the gas temperatures, shown in 
Figure 2.  The tests were conducted with various 
combinations of fuel type, ventilation distribution, and 
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interior lining material.  The tests had liquid fuel 
channels connecting the fuel packages so that ignition 
and the subsequent burning could be as uniform as 
possible. 

The Cardington experiments intended to test two 
types of compartment insulation; “insulating” (I) and 
"highly insulating” (HI).  However, after Test 1, the 
“highly insulating” material was placed on the ceiling for 
all remaining tests, creating an intermediate level of 
insulation (I+).  The fuel packages were either just wood 
cribs (W) or a combination of wood and plastic cribs 
(W+P).  The ventilation openings were either fully open 
on the front (F) of the enclosure or on the front and back 
(F+B). As shown in Figure 2 there is a significant 
evolution in space and time of the temperature. The 
evolution is time is mostly related to the time lag 
between heating in the gas phase and the heating of the 
compartment, thus is related to the level of insulation. 
This had been previously extensively studied by 
Pettersson et al [30] when developing the parametric fire 
curves, nevertheless the Natural Fire Concept tests were 
the first where the insulation was systematically varied.   
The evolution in space was observed but not studied in 
detail due to the restricted amount of instrumentation. 

5. The Dalmarnock Fire Tests  
The Dalmarnock Fire Tests, which provide the 

greatest instrumentation density to date, were conducted 
in a real high-rise apartment building in Glasgow, UK 
[31].  The two tests conducted had a realistic fuel load of 
typical furnishings.  The compartment was 4.75 m x 3.50 
m x 2.45 m, containing 20 thermocouple trees, each with 
12 thermocouples (placed 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 
0.8, 1.0, 1.3, 1.6 and 2 m from the ceiling).  The 
Dalmarnock experimental layout is given in Figure 3.  
Ignition occurred in the waste-paper basket adjacent to 
the sofa.  Two tests were conducted, Test One was 
allowed to progress to burn-out while the second test 
was manually suppressed immediately after flashover. 
Thus only Test One is of interest here. 
 

 
Figure 3  Experimental results of Dalmarnock Test One 
[31] showing the compartment average, maximum and 
minimum temperatures, and the standard deviation.  
Flashover occurred at 5 min and the fully developed 
lasted until suppression at 19 min. 

 

The fundamental observation of the Dalmarnock 
Test One is that the temperature distributions, even for a 
small compartment corresponding to Regime I, show 
very large variations in space and time. All it takes is to 
provide sufficient instrumentation density to spatially 
resolve the temperature fields. Given the significant 
temperature variations within the compartment it is 
important to revisit the hydrostatic based assumptions 
associated to the compartment fire. In particular, this is 
important if the compartment is large enough and the fire 
is allowed to travel through the compartment. In the 
Natural Fire Concept tests the compartment was large 
but all fires were ignited simultaneously, in Dalmarnock 
the fire was allowed to propagate, nevertheless the 
compartment was small. 
 

5. The BRE Tests 
To respond to the need to better describe the special 

and temporal evolution of a fire that is allowed to 
progress in a large compartment a series of tests were 
conducted in 2013 at the Building Research 
establishment in the UK. The tests will be described here 
but the results cannot be presented because they are 
currently the subject of an international modelling round 
robin.  
 

 
Figure 4 Schematic of the BRE large compartment used. 
 

A compartment of dimensions 5 m x 18 m x 2 m 
(Figure 4) was constructed and included 15 openings 
along the front (1.5 m high by about 1 m wide each) that 
can be open and closed to allow varying ventilation in a 
systematic way. The tests are heavily instrumented 
including internal thermocouple trees spaced at 0.7 m in 
the x-direction, 0.6 m in the y-direction, and at 0.3, 0.6, 
0.9, 1.2, 1.4, 1.6, 1.8, and 1.95m in the z-direction. There 
is also a TC tree in the centre of each opening at z = 
0.25, 0.5, 0.75, 1.0, and 1.25m. Outside there is also a 
thermocouple tree at around 0.4 m from the compartment 
and aligned with the centre of each opening. These trees 
have 12 thermocouples each which are spaced as 
follows: 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 
2.5, 2.75 and 3.0m. 100 thermocouples provide in-depth 
temperatures (at different depths) along a 3 m wide 
section of the back wall which is in-filled with non-
flammable insulation. 
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Heat flux gauges were placed on all 5 surfaces of the 
compartment evenly distributed. There are 45 on the 
floor (3 in x -direction, 15 in y-direction), 45 on the 
ceiling, 45 along the back wall (15 in y-direction, 3 in z-
direction) and 15 (5 in the x-direction, 3 in the z-
direction) along each of the side walls. There are also 
heat flux gauges outside, opposite the centre of each 
opening, at different distances away from the 
compartment (in x-direction). 

Smoke obscuration is measured with 5 laser-receiver 
pairs in total evenly spaced along the centre of the 
compartment.  Bi-directional velocity probes allow 
characterizing the in-flow and out-flow of the 
compartment. There are 2 probes per opening (z = 0.225 
m and z = 1.275 m of the opening height, respectively). 

There are 5 gas-sampling points evenly spaced 
along the ceiling of the compartment. The gas probes 
sample O2, CO2 and CO to establish completeness of 
combustion. 

More than 30 cameras were used to film the 
compartment from different angles, including one 
camera at the centre of each of the side walls. An 
InfraRed camera has also been used to film the 
compartment from the outside. 

Two series of tests were conducted, a first series 
where a sequence of gas burners (12 propane burners, of 
0.5 m x 0.5 m trays full of gravel, evenly spaced 
throughout the compartment in pairs of 2) was ignited 
progressing from one end towards the other end of the 
compartment. Ventilation and fire spread were varied to 
cover a range that allowed for spread much faster than 
ventilation opening to spread much slower than 
ventilation opening. The second series of tests was 
conducted with wood cribs covering the entire floor and 
ignited at one end. The ventilation opening rate was also 
varied. For the wood crib tests, the central staging area 
has been divided into 8 sections that can move up and 
down independently. These sat on load cell systems that 
enabled the measurement of mass loss. A photograph of 
a typical test is presented in Figure 5. 
 

 
Figure 5 Photograph of a characteristic test. 

5. Conclusions  
Compartmentalization/structural design is currently 

entirely based on the compartment fire framework. A 
review of existing large scale test data shows that this 

framework represents a crude and limited approach to 
the definition of a design fire. The temperature and heat 
fluxes vary both in space and time therefore it is 
essential to conduct large scale tests to validate existing 
calculation methodologies. This is of special importance 
for tall buildings where compartmentalization/structural 
failure times are of the same order of magnitude as 
egress times.  
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Abstract 
China is currently facing an environmental crisis. Coal fired power generation is a major source of air pollution. New stringent 

environmental regulations for coal-fired power plants are entering into force in 2014. Accordingly, power plants are under increasing 
pressure to implement new and advanced pollutant control technologies to comply with the new regulations. These also highlight the 
challenges that must be well addressed by coal combustion scientists and technologists. In this presentation, the status of coal 
combustion generated pollutant emissions in China is firstly presented, followed by a comparison of new Chinese environmental 
regulations with its previous version to demonstrate the unique needs for innovative research in the field of coal combustion. 
Emphases are given to the applications of the technologies and particularly the related research activities that aim to improve the 
understanding of the formation mechanisms, emission and control of targeted pollutants including particulate matter, mercury and 
CO2 from coal combustion. The presentation concludes with a view to the prospects of the innovations in developing abatement 
technologies in the coal fired power generation sector in China. 
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1. Introduction 
 
The great energy consumption and relative shortage 

of oil and gas resources determine that China has to be 
much more significantly dependent on domestic coal 
resource as the primary energy than any other nations in 
the world. In 2012, China has consumed approximately 
half of the world’s coal production for the first time, 
which accounts for about 68.5% of the national primary 
energy consumption.[1] While coal utilization fuels the 
rapid growth of China’s economy, it is also the major 
culprit leading to serious environmental problems. It was 
estimated that coal utilization contributed 90% of the 
SO2 emissions, 70% of the dust emissions, 67% of the 
NOx emissions, and 70% of the CO2 emissions.[2] 
Therefore, power industry, as the biggest coal consumer, 
is under an increasing pressure because of the 
promulgation of more stringent environmental 
regulations. 

Coal combustion plays a dominant role in power 
generation in China. The emissions of air pollutants from 
coal-power plants are regulated by the Emission 
Standard of Air Pollutants for Thermal Power Plants 
(ESAPTPP). The newly upgraded ESAPTPP (GB 
13223-2011),[3] entering into force from January 2012, is 
characterized by the more stringent limitations on the 
emissions of SO2, NOx and dust from coal-fired power 
plants, and by the addition of the limitation on the 
emissions of Hg and its compounds. Table 1 compares 
the limit values of pollutants regulated in the new 
ESAPTPP (GB 13223-2011) and the previous one (GB 
13223-2003).[4] It is clear that the limitations on the 
emissions of SO2, NOx and dust in the 2011 ESAPTPP 

has been significantly lowered than those in the 2003 
ESAPTPP. More strikingly, the 2011 ESAPTPP 
introduces the emission limitation (0.03 mg/m3) for Hg 
and its compounds for the first time. In addition, special 
limitations are placed on the boilers located in key 
regions designated by Chinese Ministry of 
Environmental Protection. The special limits for SO2, 
NOx and dust are 50, 100 and 20 mg/m3, respectively. 
Although the emissions of CO2 from coal-fired power 
plants have not been regulated yet in China, as the 
largest CO2 emitter in the world, China committed on 
the 2009 Copenhagen Climate Change Summit to reduce 
its CO2 emissions per unit of gross domestic product 
(GDP) by 40 to 45 percent from 2005 levels by 2020. 
Since then, a series of policies have been promulgated 
and a number of measures have been taken to address 
CO2 mitigation in all industries certainly including 
power sector. 

 
Table 1 Comparison of standards for pollutants from 
coal-fired power plants (mg/m3, 6%O2) 
 

 GB 13223-2003 GB 13223-2011 
SO2 400-2100 100-400 
NOx 450-1500 100-200 
PM 50-600 30 
Hg and its compounds  0.03 

 
To comply with the more stringent regulations and 

policies, it is not possible to just rely on currently 
available technologies. It is imperative for the coal-based 
power plants to adopt new and advanced air pollutant 
abatement technologies. This requirement has been 
stimulating extensive research and innovation activities. 
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2. Control technologies for coal 
combustion pollutants 

2.1 SO2 
  

Since the issue of the 2003 ESAPTPP, 
desulfurization technologies have been extensively 
equipped in coal-fired power plants. As a result, the 
emissions of SO2 were significantly reduced from 13 
million tonnes (Mt) in 2005 to 8.83 Mt in 2012.[5] 
Various desulfurization technologies have been 
investigated and their advantages/disadvantages have 
been intensively evaluated. They include switching to 
low-sulfur fuels or blending coals, sulfur removal prior 
to combustion, furnace sorbent injection (FSI), flue gas 
desulfurization (FGD), and so on. Although some pre-
combustion and in-furnace technologies have been have 
found their applications, FGD is the dominant 
desulfurization technology applied. By the end of 2010, 
power plants equipped with FGD facilities exceeded 560 
GW, accounting for approximately 86% of the total 
installed capacity. FGD technologies can be wet or dry 
processes. The wet FGD technology is a mature one with 
high desulfurization efficiencies (>95%), and the 
proportion of the installed capacity is more than 80% in 
the U.S., Germany and Japan. In China, the proportion of 
the installed capacity with limestone (CaCO3) wet FGD 
systems is higher than 95%. 

Although limestone wet FGD facilities prevail in 
China, their performance is not so satisfactory. Since the 
11th Five-Year Plan (from 2006 to 2010), the 
manufacture and installation of FGD systems increase 
very rapidly. The low quality of the equipment often 
leads to operation problems, which reduces the 
availability of the systems. The great variation in coal 
quality results in fluctuations in the fuel sulfur content 
and the volume of the flue gas, which affects the facility 
performance. As a result, the desulfurization efficiencies 
are significantly affected. The utilization or disposal of 
the end product (gypsum) from wet FGD is always a 
tormenting problem that needs further considerations. 
Additionally, the operation and maintenance cost of the 
FGD systems is generally higher than the compensatory 
payments from the government, which often leads to a 
loss of the initiative to running the system continuously. 

With the issue of the new standard for SO2, the 
above mentioned problems must be seriously considered. 
Since the limestone wet FGD technology is the most 
widely applied, research interests significantly lie in 
increasing the overall performance and reliability of the 
system, increasing energy efficiency, and reducing the 
operation and maintenance cost. The research and 
development (R & D) work is focusing mainly on further 
understanding and improving the processes in the 
scrubbers, system integration for recovering flue gas heat 
and reducing water consumption to increase energy 
efficiency, materials and equipments for improving the 
system reliability, etc. Moreover, R & D are also aimed 
at the measures that may be taken include improving the 
quality of the equipments, increasing the adaptability of 
the system to the variation in coal quality, increasing the 

desulfurization efficiencies and developing appropriate 
disposal methods for FGD by-products. Meanwhile, 
compensatory mechanisms are being investigated and 
revised so that they are in accord with actual conditions 
and the initiative to running the facility can be 
encouraged. 

 

2.2 NOx 
 

Since 1996, various low NOx combustion 
technologies have already been developed and deployed 
in China’s coal-fired power plants to reduce NOx 
emissions. Nevertheless, NOx emissions were estimated 
to increase from 10.9 Mt in 1995 to 18.6 Mt in 2004.[6] 
This was primarily attributed to the fast and continuous 
increase in the capacity of coal-fired power plants. Low 
NOx combustion techniques are usually the first or only 
choice for NOx control because they have a relatively 
lower cost than post-combustion controls. Currently, 
advanced low NOx combustion technologies are the 
most widely used technologies in China’s coal-fired 
power plants to minimize the formation of NOx within 
the furnace itself, rather than reduce NOx in the exhaust 
gas stream. A number of combustion control techniques 
have been developed, including low NOx burners 
(LNB), over-fire air (OFA), and separated over-fire air 
(SOFA). Reburning technology is another combustion 
control option and has also been applied. 

During the period of the 11th Five-Year Plan, the 
standard for NOx emissions was not so strict that sole 
low NOx combustion could have met the requirement for 
emission control. Consequently, the flue gas 
denitrification technologies were not widely adopted 
then. By the end of 2008, there were only about 200 
thermal power plants equipped with flue gas 
denitrification units.[7] However, considering the 2011 
ESAPTPP, it is impossible for even the most advanced 
low NOx combustion technologies to meet the limitation 
particularly for new power plants in the special regions. 
Flue gas denitrification has to be installed in order to 
achieve very low NOx emissions. Nevertheless, because 
of the cost effectiveness, low NOx combustion is still 
considered as the first-step technology to minimize NOx 
emission from coal combustion. Therefore, extensive R 
& D works are undergoing in China focusing on in depth 
controlling and reducing NOx formation in furnaces 
through technology innovation. The related research area 
include: coal particle burning and coal N-containing 
species behavior in low NOx combustion environments 
for conventional and emerging technologies, modeling 
and simulation, low NOx burners and combustion 
systems, intelligent control of combustion system, etc. 
Moreover, Flue gas denitrification technologies are now 
also very actively investigated in China including 
selective catalytic reduction (SCR) and selective non-
catalytic reduction (SNCR). SCR is usually applied to 
large boilers while SNCR to smaller boilers, partly 
because the cost of SCR for smaller boilers is much 
higher. During the period of the 12th Five-Year Plan 
(from 2011 to 2015), the installation of SCR and SNCR 
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units in China’s coal-fired power plants are expected to 
soar. To meet the requirements for deploying the 
technologies, significant research efforts are directed at 
reducing the cost of the equipment and the cost of 
operation and maintenance and improve the overall 
performance of the system. R & D works mainly 
include: new materials and cost effective catalysts, 
reaction chemistry and catalyst deactivation, catalyst re-
activation, process optimization, and intelligent control.    

 

2.3 Particulate matter  
 
Particulate matter (PM) from coal-fired power plants 

has been subjected to regulations since the 1980s. The 
total PM emissions have been reduced from 4 Mt in the 
early 1980s to 1.5 Mt in 2012.[5] This is mainly because 
of the replacement of less efficient mechanical and water 
film-based systems with high efficiency electrostatic 
precipitators (ESP), fabric filters (FF) and their hybrid 
systems. Currently, ESPs account for approximately 
90% of the installed PM control devices, while FFs and 
the hybrid systems only about 10%. PM collection 
efficiency has increased from 90% in 1985 to currently 
99.9%. However, ESPs are only effective to remove 
relatively large particles. Small particles (especially 
PM2.5, particles with an aerodynamic diameter up to 
2.5µm) are easy to penetration through the ESPs and still 
cause serious PM pollution problems. 

The current National Ambient Air Quality Standards 
(GB 3095-2012) set the standard for PM2.5 for the first 
time.[8] However, the ESAPTPP only set the limits for 
total suspended particles (TSP, size less than 100µm). It 
is expected that the standard for smaller particles (e.g. 
PM2.5) from coal-fired power plants has to be more 
stringent in the near future. As a result, substantial 
research efforts are devoted to the control of fine PM in 
the flue gas. PM collection efficiencies of ESPs are 
already very high and are very hard to increase further. 
Therefore, high-efficiency fine PM control techniques, 
such as pre-combustion coal blending, in-furnace 
combustion optimization and additive injection, and 
post-combustion adsorbent, have to be developed. 

 

2.4 Mercury (Hg) 
 

High levels of Hg in the air of Chinese cities have been 
reported, and Hg pollution has been identified as a 
serious problem that must be strictly constrained. It was 
estimated that the total Hg emissions from all 
anthropogenic sources in China increased at a mean 
annual rate of 2.9% during 1995-2003.[9] The total Hg 
emissions in 2003 reached 696±307 tonnes, containing 
395 tonnes Hg0, 230 tonnes Hg2+ and 70 tonnes Hgp. Hg 
emissions from coal combustion increased from 202 
tonnes in 1995 to 257 tonnes in 2003. The power sector 
was the leading one in Hg emissions increase, with a 
mean annual rate of 5.9%. The 2011 ESAPTPP set the 
limits for the emissions of Hg and its compounds for the 
first time. 

Mercury in coal is volatilized and converted into the 
elemental form (Hg0(g)) in the high-temperature 
combustion zone. As the flue gas cooling down, Hg0(g) 
is partially oxidized by interacting with flue gas and fly 
ash constituents, existing mainly as gaseous elemental 
mercury (Hg0(g)), gaseous oxidized mercury (Hg2+(g)), 
as well as particle-bound mercury (Hg(p)). Hg0(g) is the 
most difficult to control because of its high volatility and 
very low water solubility. Hg2+(g) is less volatile and 
more water soluble, which can be effectively captured in 
WFGD (Wet Flue Gas Desulfurization), while Hg(p) can 
be removed with fly ash in FF (Fabric Filter) or ESP 
(Electrostatic Precipitator). There are two ways to 
eliminate Hg0 in coal fired flue gas. One way is 
enhancing the transform from Hg0 to Hg2+ by injecting 
strong oxidants and then removing Hg2+ by existing 
pollution control devices. Such oxidants include ozone, 
halogens. The other way is injecting sorbents to absorb 
Hg0 directly. Potential sorbents includes activated 
carbons, impregnated carbons, non-carbon minerals, and 
noble metals and so on. The mechanisms of capturing 
mercury on a sorbent are amalgamation, physical 
adsorption or chemical adsorption. All China’s coal-fired 
power plants are equipped with air pollution control 
devices, including low-NOx burners and SCRs/SNCRs 
for NOx control, ESPs/FFs for PM control, and FGDs 
for SO2 control. Recently, the SCR system installed in 
the Chinese power plant has been becoming very rapidly 
and the SCR catalyst, it has been confirmed to oxidize 
Hg0 significantly. There is the potential to substantially 
reduce Hg emissions with existing controls. Therefore, 
significant research efforts are being directed at these co-
benefit technologies for Hg reduction. Moreover, more 
than 15 power plants in China have been selected to do 
the pilot scale test for Hg removal by using active carbon 
or oxidants injection.  

 

2.5 CO2 
 
As the biggest CO2 emitter, China decided to reduce 

its CO2 emissions per unit of gross domestic product 
(GDP) by 40 to 45 percent from 2005 levels by 2020. It 
has agreed to impose carbon reduction targets for the 
first time. To accomplish these goals, China adopted a 
range of major policy measures to mitigate and adapt to 
climate change during the 11th Five-Year Plan period, 
and has achieved remarkable results. The Outline of the 
12th Five-Year Plan for National Economic and Social 
Development released in 2011 established the policy 
orientation of promoting green and low-carbon 
development, and expressly set out the objectives and 
tasks of addressing climate change for the next five 
years.[10] 

Regarding coal-fired power plants, there are 
basically three options for CO2 capture, i.e., pre-
combustion capture, post-combustion capture and 
oxyfuel combustion technologies. All these techniques 
are being extensively investigated in China. Some post-
combustion CO2 capture technologies particularly 
solvent absorption based technologies, the oxyfuel 
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combustion technologies for pulverized coal combustion 
and circulating fluidized bed combustion, coal 
gasification integrated CO2 capture technologies have 
been demonstrating on different scales. Demonstrations 
on large-scale utility boilers are also planned for the 
commercialization of these technologies. To support the 
development and application of these technologies, R & 
D are funded on all government levels, which is 
probably the most powerful driver for coal combustion 
and pollution related research in China. 

3. Concluding remarks 
 
As the largest coal producer and consumer in the 

world, China is facing the challenge of utilizing coal to 
power the fast expended economy and simultaneously 
solving the serious air pollution problems. Various 
technologies are available for reducing the emissions of 
specific air pollutants from coal-fired power plants. Most 
of them have been widely applied while some are still 
under development. To comply with the incoming 
stringent environmental standards and regulations, the 
efficiencies and performance of the control technologies 
must be greatly improved and co-benefit technologies 
have yet to be developed. The related R & D have to be 
enhanced based on technology innovations. In addition, 
the investment, operation and maintenance costs must be 
further reduced. Therefore, pollution control as well as 
high energy efficiency of coal fired power plants is 
driving the extensive and intensive scientific and policy 
research related to coal combustion. 
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Abstract 
Oxyfuel is a carbon capture and storage technology that reduces carbon dioxide emissions from coal fired power plants. However, 
CO2 derived from oxyfuel combustion has impurities that cause corrosion to plant, transport lines and sequestration site. The use of 
the CO2 compression system in an oxyfuel power plant to remove these impurities has been proposed and tested by international 
gas vendors both at laboratory and power-plant scale; however the extent of the compression system in potentially removing the 
impurities is unknown. The current research uses laboratory experiments to study the reactions of nitrogen oxides in the 
compression system, from the oxidation of NO to NO2 in the gas phase to the absorption in liquid water and also reactions with 
water vapour from ambient conditions to pressures of 30 bar. The reactor used was a bubble column that was preloaded with liquid 
water. Results show that nitric oxide is readily oxidised to water-soluble nitrogen dioxide at elevated pressures, that this reaction is 
kinetically-controlled and can be predicted using an equation derived for atmospheric pressure conditions. The resulting nitrogen 
dioxide is shown to react with liquid water to form nitrous and nitric acid.  Single experiments also showed the potential for gas 
phase acid formation and condensation.  Overall mass balances across the gas-liquid system was complicated by the stability of the 
absorbed NOx species in the liquid. 
 
Keywords: oxyfuel combustion, CO2 cleaning and compression, NOx, Lead Chamber Process 
 
 

 

1. Introduction 
 

Oxyfuel is a carbon capture and storage (CCS) 
technology that reduces carbon dioxide (CO2) 
emissions from coal-fired power plants. The 
technology involves the combustion of coal in 
oxygen (O2) and recycled flue gas, which produces a 
flue gas stream containing high concentrations of 
carbon dioxide that is purified and compressed 
before being sequestered. Oxyfuel flue gas contains 
a number of impurities such as sulphur oxide (SOx), 
nitrogen oxides (NOx) and mercury (Hg). These 
impurities present a risk to the plant, as SOx and 
NOx form acids, which cause corrosion and Hg 
attacks the brazed-aluminium heat exchangers 
typically used in the purification system. 
 
The use of the oxyfuel compression system as a 
cleaning step for NOx and Hg scrubbing in lieu of 
traditional gas cleaning units have been proposed by 
Air Products [1],  with related technologies offered 
by other vendors such as Air Liquide, Linde and 
Praxair. If successful, this results in significant 
savings in terms of costs incurred by the traditional 
gas cleaning units. The Air Products process 
involves reactions associated with the Lead 
Chamber Process, including the oxidation of nitric 
oxide (NO) to nitrogen dioxide (NO2), oxidation of 
sulphur dioxide (SO2) to sulphur trioxide (SO3) with 

NO2 as catalyst, the production of acids (and 
potentially subsequent Hg reaction with these acids).  
 
Previous work has demonstrated the feasibility of 
the oxyfuel compression system in removing 
nitrogen oxides has been performed at laboratory 
and pilot plant scale. These analyses, however, do 
not quantify the extent of removal by providing 
mass balances, which may be difficult to achieve. 
 
In this work, the contact of NOx gases with liquid 
water at high pressure provided a unique opportunity 
to attempt a two-phase mass balance involving the 
acidic condensates produced during compression. 

 
2. Experimental setup 

 
The experimental setup is as shown in Fig. 1. Gases 
supplied are N2, O2 and 1% NO in N2. Experiments 
were conducted in CO2 to remove the complexity of 
CO2 reactions in the experiments and effects on the 
gas analysers. Brooks mass flow controllers control 
gas flow into the system.  Temperature was at room 
temperature. In all experiments, the concentration of 
NOx is set at 900ppm and O2 at 4% to approximate 
the gas entering the compression system for a plant 
without catalytic NOx reduction [2]. It is assumed 
that SO2 was removed in the flue gas 
desulphurisation unit placed prior to the 
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compression system. Pressure in the system was 
controlled using a backpressure regulator. 
 
The system was operated in a continuous gas/batch 
liquid mode. In experiments involving liquids, the 
reactor is preloaded with 150mL of water. The gas 
was bubbled into the water through the 1/8” 
impinger stem, creating an uncontrolled and 
turbulent environment to reduce mass transfer 
effects. The reactor volume was approximately 75% 
of the volume of the entire system. 
 
2.1. Dry gas oxidation of nitric oxide to 
nitrogen dioxide, NO (g) + ½O2 (g)  NO2 
(g) 
 
The liquid reactor was not preloaded with water. The 
two different configurations, with and without 
reactor, were used to change the residence time in 
the system. The pressure was changed with the 
backpressure regulator and was varied from 0 bar 
gauge to 30 bar gauge. The flow rate was set at 2 
standard litres per minute.  
 
2.2. Gas/liquid water reactions, 2NO2 (g) + 
H2O (l)  HNO2 (aq) + HNO3 (aq) 
 
The gases were first run in bypass to check the flow 
rate and gas concentrations for each pressure setting. 
At the start of each experiment, gases were then 
directed into the liquid reactor with a 3-way valve. 
The gas was contacted with the liquid water for 10 
minutes, which produced stable gas concentrations 
and acids. Liquids were then collected and analysed.  
 
2.3. Wet gas reactions between nitrogen 
oxides and water vapour, 2NO2 (g) + H2O (g) 
 HNO2 (aq OR l) + HNO3 (aq OR l) 
 

The configuration for this experiment used N2 pre-
saturated with water vapour prior to mixing with 
other gases (NO, O2).  The wet gas was then mixed 
in the reactor without the presence of liquid water. 
Pressure was set using the backpressure regulator at 
20 bar. A horizontal tube furnace was placed after 
the backpressure regulator to heat the product gases 
to temperatures up to 800°C, in an attempt to 
thermally convert nitrogen acid gases into 
measurable NO and NO2 [3] at higher temperatures 
 

3. Results 
 
3.1. Dry gas oxidation of NO to NO2 
 
Gas phase dry NOx experiments were conducted to 
study the gas phase oxidation of NO to NO2 with 
respect to the change in pressure and residence time. 
The increase in pressure increased the oxidation of 
NO to NO2 as shown in Fig 2. It is important to note 
that the increase in pressure increases both the 
partial pressure of the reactants and the residence 
time of the system. In this figure, the dry gas reactor 
and transport lines have a residence time of 12.3s at 
0 bar gauge to 375.2s at 30 bar gauge. The results 
were compared with the system with lower residence 
time (without the use of the dry reactor) as shown in 
Fig. 3. The difference between the two lines indicate 
the oxidation that occur in the dry reactor, which has 
a capacity of 300mL. The difference shows that the 
dry oxidation of the NO to NO2 is a kinetically 
limited reaction, with residence time therefore 
playing a major role in determining the extent of the 
oxidation of NO. 
 
 
 
 

 

 
 
 
 

Fig. 1: Experimental setup; stage I contains dry gas reactions between NO and O2, stage II reactions between gaseous NOx and liquid water 
and stage III reactions between gaseous NOx and water vapour (see Table 1). A furnace is placed after the back pressure regulator for the 

experiment in section 2.3 
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Fig. 2: NO oxidation at pressure 

 
 

 
 
 

 
Fig. 3: Effect of residence time on NO oxidation 

 
3.2. Gas/liquid water reactions 
 
Gas/liquid water experiments investigated the 
reaction between gas phase NOx generated by the 
experiment of Section 3.1 and liquid water. There is 
a dramatic difference in gas concentration before 
and after the reaction with liquid water as shown in 
Fig. 4. The dotted lines indicate the concentration of 
NO and NO2 in dry conditions whereas the solid 
lines indicate the concentration of NO and NO2 after 
passing through the liquid reactor. The difference in 
the NO2 concentrations clearly indicated that there 
was significant capture of NO2 in the liquid water.  
 
Fig. 5 gives the analysis of nitrate/nitrite in the 
liquid after 10 minutes of contact with the mixed 
gases, performed in-house using ion 
chromatography within a 24-hour period.  The 
increase in pressure (and therefore NO2 
concentration) resulted in an increase of nitrate 
concentration up to 15 bar and then decreases with 
the increase in pressure. Nitrite concentration 
remains fairly stable across all pressures.  The mass 
balance closure below 20 bar is within ±10%, which 
given the difficulties involved with the liquids is 
deemed acceptable. 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 4: Absorption of NOx into liquid water with pressure 
 

 
 

Fig. 5: Nitrate/ nitrite concentration after contacting with NOx 
gases under pressure for 10 minutes.  

 
 
3.3 Reactions between nitrogen oxides and 
water vapour 
 
The measured deposition of nitric acid (HNO3) in 
the downstream transport lines was further 
investigated using a pre-saturated N2 flow mixed 
with NO and O2 gases.  The N2 was bubbled 
through separate water filled reactor, which could be 
bypassed to provide either dry or wet gas.  This 
experiment is done with and without the presence of 
O2 at a single pressure of 20 bar to study the 
reaction between water vapour and both NO and 
NO2.  In practice it was observed that no reaction 
occurred without the presence of O2 (and thus NO2).  
 
There is a significant reaction between NO2 and 
H2O when the nitrogen line is switched through the 
high-pressure bubbling impinger, in which about 
17% to 19% of the NO2 is converted to other 
immeasurable species. Heating the resulting gas has 
no effect on the concentration of NOx (NO and 
NO2). 
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4. Discussion 

 
4.1. Dry gas reactions 
 
The various results for different pressures 
(atmospheric to 30 bar gauge) and residence times 
(from 2s to 375.2s) from the experimental data in 
this work were compared with the kinetic model 
used by Linde [4] as shown in Fig. 6. The model 
gives an excellent prediction of the extent of 
oxidation of nitric oxide at the conditions relevant to 
the compression system in an oxyfuel plant, which 
has much higher total pressures.  
 

 (1) 

 
4.2. Gas/liquid water reactions 
 
The aqueous results in Fig. 5 indicate that the 
majority of the aqueous nitrogen species formed are 
nitrates.  Nitrates are derived either directly from the 
absorption of dinitrogen dioxide (N2O4) or through 
aqueous phase oxidation of nitrous acid (HNO2).  
Nitrate concentration increases with higher pressure 
up to a maximum at 15 bar. The reduction in nitrate 
concentration after 15 bar may be due to the release 
of more volatile NOx species back into the gas phase 
during the decompression of the system prior to 
liquid analysis.   Obtaining a mass balance across 
this system has been shown to be complicated by 
such volatile species in the liquid.  
 

 
 

Fig. 6. Comparison between experimental and modeling results 
 
 
 
 
 
 
 
 
 

 
4.3. Wet gas reactions 
 
In the high NO2 concentration case, there was a 
significant decrease of NO2 concentration from dry 
gas to wet gas at room temperature. This closely 
mirrors the overall NOx absorption equation [5] with 
a ratio of 3:1, which indicates the formation of 
HNO3 in the gas (ie. 3NO2 + H2O  2HNO3 + 
NO).  The failure of the back end heat treatment 
form measurable increases in both NO and NO2 is 
likely due to the condensation of formed HNO3 
prior to heat treatment as predicted acid dew points 
are above room temperature.  
 

5. Conclusions 
 
A series of experiments was undertaken examining 
the behaviour of NOx gas impurities within an 
oxyfuel compression circuit at pressures up to 30 bar 
g.  Dry gas oxidation compared well to global 
reaction kinetics typically used at lower pressures.   
Contacting NOx gases with liquid water under 
pressure showed that significant potential exists for 
passive gas cleaning to occur.  However, obtaining 
mass balance closure across the gas-liquid system 
was complicated by the stability of aqueous NOx 
species after depressurisation of the system. Wet gas 
phase reactions were also investigated at a single 
pressure of 20 barg.  A reaction was observed 
between NO2 and H2O vapour accounting for 17-
19% of the NO2 concentration.  
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Abstract 
 Differences of peak temperatures, coal heating rates and residence times between Pulverised Coal Injection (PCI) into blast 

furnaces and a Drop Tube Furnace (DTF) may significantly influence the combustion performance of coals in the two rigs. This paper 
has conducted a comprehensive comparative study on the coal combustion performance of seven coals in a DTF and a PCI test rig 
where the coals are injected at the as-ground size distribution. The measured burnouts from both the DTF and the PCI rig produced 
linear trends as a function of coal rank as indicated by the Volatile Matter (VM) content. The range of burnout produced in the DTF 
tests is significantly greater than that in the PCI rig tests and consequently the DTF burnout data have a steeper slope, with differences 
in volatile matter extent the possible reason. 
Keywords: PCI, combustion, burnout 
 

 

1. Introduction 
In Pulverized coal injection (PCI), higher coal 

injection rates will increase the level of unburnt char in 
the tuyere-raceway region. Consequently, the unburnt 
char will disperse into the packed bed of the blast 
furnace, resulting in the following: some reacting with 
CO2 or molten liquid, some potentially blocking the 
blast furnace burden, and even being carried out of the 
blast furnace. To assess coals for injection into blast 
furnaces, a number of coals have been tested in a PCI 
pilot scale test rig in the past [1]. However, it is not 
always available due to the cost and complicated 
operation. 

Alternatively, drop tube furnaces (DTFs) have also 
been used in the research of PCI as it can generate 
temperatures and heating rates similar to industrial 
burners [2]. Du et al. [3] investigated the combustion 
behavior of a number of coals and coal blends as a 
function of gas temperature, fuel ratio and particle size 
using a DTF between 1000-1400 °C. The results 
indicated that high gas temperature and small particle 
size lead to high burnout. Osório [4] and Kalkreuth [5] 
studied the combustion performances and properties of 
Brazilian sub-bituminous coals with a DTF. They 
found that coal combustion behavior differences were 
correlated not only with temperature but also coal 
petrography analysis. Lu et al. [6] investigated coal 
combustion and relationship between char structure and 
its reactivity with a DTF. Their results show that char 
structural ordering accounted for the loss of char 
intrinsic reactivity during combustion.  

However, direct comparison of combustion 
performance of PCI coals in a PCI rig and a DTF is not 

available in the open literature. In this work, the 
influence of combustion conditions specifically 
temperature, heating rate and residence time on the 
combustion performance of 7 coals in an as-ground size 
distribution combusted in the two rigs has been 
systematically investigated. 

2 Experimental 

2.1 Coal properties 
The properties of 7 coals, which have been used or 

considered for pulverized coal injection, are listed in 
Table 1. They have been tested by BlueScope Steel Pty. 
Ltd. on a PCI rig. These coals were cold-stored after the 
PCI test work and were made available for the DTF 
tests in this study, except Coal 2 which was replaced 
with a fresh sample from the same mine with matching 
ultimate and proximate analysis. Coal particle size 
distribution was measured through a Malvern particle 
size analyzer. 

2.2 Experimental procedures 
Each coal sample was crushed to 80% passing 

90 µm and combusted in a DTF and a PCI pilot scale 
rig, respectively. The general design and operation of 
the DTF used in this study have been described 
elsewhere [7]. The central tube (50 mm I.D.) is made 
from re-crystallised alumina and is heated externally 
using a graphite heating element (62 mm I.D., 300 mm 
in length). The hot zone of the furnace is 255 mm in 
length and is able to be maintained at a relatively 
uniform temperature (±50 °C). The O2 concentration 
used in the experiments varied between 21% and 26%. 
Mass flow controllers were used to produce the correct  
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Table 1 Properties of coals 

  Coal 1 2 3 4 5 6 7 

Proximate 
analysis 

Mad 1.4 1.6 1.1 2.2 2.6 3.5 6.7 

VMdb 13.0 13.6 18.4 27.5 28.4 36.2 41.7 

FC db 77.4 78.0 71.2 63.1 68.9 55.6 53.4 

Ashdb 9.6 8.4 10.4 9.4 2.7 8.2 4.9 

Ultimate 
 anlysis 

Cdb 80.8 81.6 80.3 76.4 81.4 76.9 77.9 

Hdb 3.6 3.7 4.0 4.3 4.7 5.1 5.5 

Ndb 1.5 1.8 1.4 1.6 1.2 1.8 1.4 

S db 0.4 0.5 0.3 0.4 1.2 0.4 0.3 

Odb + 
errors 4.1 4.0 3.6 7.9 8.8 7.6 10.0 

 
flow rate of oxygen and nitrogen before the two gases 
were mixed. DTF experiments were completed at a gas 
temperature of 1450 °C and a total air flow of 9.8 l/min 
with a vibration tray to feed the coal sample into the 
furnace. Chars were collected after combustion using a 
water cooled probe with inert gas quenching and ashed 
separately. The average value was taken as the coal 
burnout from the results of 5 tests on each coal.  

The PCI tests were completed using a pilot scale 
tuyere assembly with an expanding jet between 2001 
and 2008, and has been described previously [1]. The 
PCI rig consisted of a refractory cylindrical test section. 
Air, heated using a resistance heater and a N2 plasma 
torch to 1200 °C, was injected into the combustion 
chamber at up to 300 Nm3/h as blast. The blast was 
introduced through a duct with a reducing internal 
diameter from 110 mm to 80 mm over a length of 
800 mm upstream of a tuyere, where coal is injected. 
After the tuyere, the internal diameter increased 
dramatically, allowing a free expansion of the gas jet. 
Pulverised coal was injected into the blast at the centre 
of the tuyere inlet via a coaxial injection lance, which 
was inclined at an angle of 10 to 12 degrees to the blast 
duct centre-line. The co-axial lance consisted of a 
19.05 mm (O.D.) × 1.6 mm wall thickness outer tube 
which carried a cooling gas of air and a 12.7 mm (O.D.) 
× 1.6 mm wall thickness inner tube through which coal 
was conveyed by a nitrogen stream. Coal rates of 25 to 
69 kg/h were used and the oxygen concentration varied 
from 21% to 26% correspondently. The test conditions 
were chosen to match as closely as possible the 
conditions within the blowpipe-tuyere-raceway of blast 
furnaces. Char samples were collected by a water 
cooled-argon quenched probe at port 5 (925 mm 
downstream of the injection point) at centre line 
position and ±50 mm either side of the centre line. 

All coals were combusted at atmospheric pressure 
in both the DTF and the PCI rig. The major differences 
between the two rigs are summarized in Table 2. In this 
study, the temperature in the DTF was set at 1450 °C. 
The furnace had a calculated residence time of 210 ms 
and heating rate of 2~4×104 °C/s. On the other hand, 
the maximum gas temperature in the PCI rig is 
estimated to be more than 2000 °C, with calculated 

heating rate and residence time of 105 °C/s and 20 ms, 
respectively.  

 
Table 2 Conditions between the DTF and the PCI rig [8] 

3 Result and Discussion 
Coal burnouts were obtained by the ash tracer 

method expressed by equation (1) and the results from 
the two rigs are shown in Fig.1.  
 

   (1)  

where B is the coal burnout, A0 and Ai are the ash 
content in coal and char, respectively. 

In order to correlate the combustion performances 
between the two rigs, a comparison was made among 
the results at different oxygen concentrations. The 
comparison of coal burnouts at 21% O2 are shown on 
Fig.1a. Two linear bands with different slopes were 
obtained between the burnout and coal VM. Burnouts 
in the DTF increase linearly from 24.1% to 86.8% with 
the increase of VM (db) from 13.0% to 41.7%. They 
produced a steeper slope than that from the PCI rig. 
The burnouts with less variation from the PCI rig 
increase from 52% to 78.7% in the corresponding range 
of VM. Coal 1 produced good performance in the PCI 
rig but sits at the bottom of the region when combusted 
in the DTF. Coal 2 stands outside the highlighted range 
of the PCI results, sitting higher than expected for a 
coal with its VM. When it was combusted in the DTF, 
this coal sits within the expected range. Coals 3 and 
Coal 5 sit along the bottom of combustion region when 
combusted in the PCI rig but along the top of the DTF 

 
 

 
(a)  

Technique DTF PCI rig 

Heating rate 104 °C /s 105 °C /s 

Peak temperature 1450 °C >2000 °C 

Residence time  210 ms 20 ms 
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 conditions 
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Turbulent, high particle 

density coal plume 
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O2 concentration 
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oxygen 
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(b) 

 
(c)  

Fig.1 The comparison of burnout as a function of VM between 
the DTF at 1450°C and the PCI rig with shaded “operating 

bands”, at (a) 21% O2 (b) 22.6% O2 (c) 26% O2 

 
combustion region. The burnouts of high VM coals (6 
and 7) in the DTF go over those in the PCI rig and 
stand at the top of the trend.  

The comparison of the burnouts at 22.6% O2 and 
26% O2 are displayed on Fig.1b and Fig.1c, 
respectively. Two bands can also be found in the 
figures. The difference is that when the O2 
concentration increases, the burnouts produced from 
the DTF increase and the slope of the band of burnouts 
deceases slightly.  However, the burnouts produced 
from the PCI rig present a slightly decrease with the 
increasing oxygen concentration. 

The burnouts of coals at different O2 
concentrations from 21% to 26% produced in the DTF 
are shown on Fig. 2. Two trends are apparent from the 
results. The first is that the increase of burnout is 
consistent with the enhancement of O2 concentration, 
but the increase varies with coals. Coal 2 (13.6%VM) 
and Coal 5 (28.4%VM) show a large increase. 
However, Coal 4 (27.5%VM) and Coal 6 (36.2%VM) 
are weakly influenced by oxygen concentration. The 
other trend is that these results increase monotonically 
with the increasing of VM content in coals no matter 
what O2 concentration. That is to say, the higher VM in 
coal, the higher burnout can be obtained in the DTF.  

But, there was little change in the slope of the 
operating bands produced from the PCI rig at different 
O2 concentrations. As shown on Figure 3, their 
burnouts vary between 41.3% and 77%. Coal 3 
produced the lowest burnout at 22.6% O2, and the 
highest value was produced by Coal 6 at 21% O2. Coal 
1 and Coal 2 show excellent combustion performance 
but the proximate analysis cannot explain the reason. 
Furthermore, the profile of the burnouts versus oxygen 

concentration shows a reverse trend as compared with 
the results from DTF. PCI burnout decreases with 
increasing O2 concentration. The higher burnouts were 
commonly obtained when oxygen concentration was 
21% and the lower results at the highest O2 
concentration (26%). This is due to the effect of O/C at 
the different O2 levels on burnout. The O/C ratio, 
which is based on the moles of Oxygen fed per mole of 
Carbon, is often used to describe combustion 
conditions.  

The oxygen provided for combustion differed 
greatly in the two rigs. The stoichiometry of pulverised 
coal combustion is based on the reaction (2):  

C+O2=CO2        (2) 

where 2 moles of oxygen are required per mole of 
carbon in the coal for complete combustion.  

In a DTF, operating with a dilute feed of coal, 
significant excess oxygen exists. The oxygen 
concentration does not reduce significantly during 
combustion. All the coal particles burn in a consistent 
gas atmosphere. The O2 concentration of the feed gas 
therefore uniquely defines the combustion conditions, 
these being 21% (i.e. air), 22.6% and 26% in the 
current study.  

The conditions in the PCI rig were assigned to 
duplicate those of an operating blast furnace. A 
turbulent coal plume was formed in the combustion.  
 

 
Fig. 2 Coal burnout as a function of O2 concentration in the DTF 
at 1450 °C, O2% from 21% to 26% 
 

 
Fig. 3 The burnouts from the PCI rig at different O2 
concentrations as a function of VM, CR is coal injection rate 
kg/h, O/C ratio are approximately 3.2, 2, and 1.4 corresponding 
to O2% of 21%, 22.6%,and 26% (some of these results retreated 
from reference [1, 9]) 
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When firing with air, the O/C ratio was about 3.2 
(2.8 - 3.6 for the range of coals), about 2 with an O2 
concentration of 22.6% of the feed gas (1.7 - 2.5 for the 
range of coals), and approximate 1.4 with an O2 
concentration of 26 % of the feed gas (1.2 - 1.6 for the 
range of coals). This is because the coal injection rate is 
increased without a change in the volume of the blast 
(i.e. gas). Therefore, the O2 concentration of the feed 
gas in the PCI rig does not uniquely define the 
combustion conditions. Thus the higher burnout 
happened at 21% O2 (i.e. high O/C [9]). 

Coal combustibility is dependent on the coal and 
combustion conditions. Since different results of the 
same coal were observed from the two rigs, the 
difference must originate from the combustion 
conditions within them [8]. The PCI rig combined the 
characteristics of higher temperature and higher heating 
rate but less residence time and O/C ratios close to 
stoichiometry, while the DTF provides longer residence 
time and excess O2 but a lower temperature and heating 
rate. Consequently, different operation bands were 
obtained. However, Coal 2 presented an unusual results 
cannot be explained at moment. 

4 Conclusions 
A comparison of the measured burnouts of a range 

of coals with different VM in a PCI rig and a DTF 
leads to the following conclusions: 
 

• Combustion of the coals within the drop tube 
furnace produces a range of burnouts with VM 
that extends over a greater range of burnouts 
than that from the same coals in the PCI rig. The 
coal rank characterised by VM has less effect on 
the combustion rate within the PCI rig compared 
to combustion in the DTF. 

• Combustion of the selected seven coals within 
the DTF does produce a range of combustion 
performance that can be used to assess the coals 
performance for PCI, and coal rank appears to 
be the dominant factor in performance. 
However, the position of the combustion result 
for every coal within this range does not match 
its relative position within the equivalent PCI 
range. From medium to high volatile coals, a 
DTF can give a good indication of coal 
combustion performance in PCI. But for low 
volatile (VM<20%) coal, the current data does 
not support such a ranking as low volatile coals 
performed better in the PCI rig.   

• More coal results are required to evaluate the 
use of a DTF for the performance of new coals 
for PCI.   
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Abstract 
 A new technique allows dynamic measurements of physical, chemical and thermal changes in the 

transformation of coal to coke. The endothermic and exothermic processes were indentified by apparent specific 
heat while the carbonisation was indicated by the estimated thermal conductivity as a function of temperature of 
the coal. Evaluations of swelling and permeability of the coal were synchronously evolved as the thermal changes 
were estimated. Also, the technique allows for continuous quantitative elemental characterization of gases and tars 
as they were evolved during pyrolysis. Mechanisms and reactions in the transformation of coal to coke are 
clarified by measuring the properties of one coal maceral concentrate using this technique.  

Keywords: Coal macerals, Swelling, Permeability, Specific heat, Thermal conductivity 
 

 
1. Introduction 

 
Under pyrolysis, coal undergoes softening, 
fusion and resolidification with temperature 
relating to successive endo- and exothermic 
reactions with the release of gas and tar [1, 2]. 
Between 400 and 550°C, a meta-plastic phase 
is formed due to softening and fusion, leading 
to a decrease in the permeability of the coal 
pellets.  This structural change traps the gas 
and tar as bubbles which increases the internal 
pressure of coal pellets and coal bed, causing 
coal pellets swelling [3]. As a heterogenous 
substance, not all components of coal undergo 
thermo-chemical reactions and promote 
swelling. The inertinite fraction remains solid 
during pyrolysis, while liptinite and vitrinite 
are reactive. Therefore, a key step towards 
exploring the mechanisms in the 
transformation of coal to coke can be obtained 
by studying the coking properties of vitrinite 
and liptinite rich coal maceral components. 
This study aims to investigate the physical, 
chemical and thermal changes during coking 
based on one vitrinite rich coal maceral 
concentrate. 
 

2. Sample 
For the purpose of removing the effect of 
particle size on coking, in this work, a suite of 
particle size cuts (106-212µm) of coal maceral 
concentrates were obtained for evaluating the 
physical, chemical and thermal changes. Coal 
maceral concentrates were separated using a 
water-based reflux classifier without the 
utilization of chemical media; details for this 
technique can be seen in literature [4]. Vitrinite 
contents of separated coal maceral 
concentrates varied from 91.2% to 26.1%. 

Investigations of physical, chemical and 
thermal changes were applied to all coal 
maceral concentrates. Based on the 
experimental results, one maceral concentrate 
with vitrinite content 86.4% was selected to 
clarify the mechanism in the transformation of 
coal to coke. Properties of this coal maceral 
concentrate are presented in Table 1. 

Table 1. Properties of one coal maceral 
concentrate  

Coal Maceral concentrates  
Vitrinite (% mmf) 86.4 
Inertinite (% mmf) 13.6 
RvMax, % 1.47 
Relative density (g/ml) 1.31 
Ash, % 2.0 
Gieseler Plasticity  
Initial softening temperature (°C) 425 
Maximum fluidity temperature (°C) 470 
Resolidification temperature (°C) 500 
Plastic range (°C) 75 
Maximum fluidity (ddpm) 90 

 
3. Methodology 

The experimental apparatus includes two main 
configurations.  The first method determines 
thermo-physical properties during coking, 
which includes apparent volumetric specific 
heat, thermal conductivity, volumetric 
swelling, and coal bed permeability. The 
second method determines thermo-chemical 
changes by characterising the volatile 
evolution (separately as tar and light gas) as 
continuous elemental streams of CHNOS. 

3.1 Apparent specific heat and thermal 
conductivity 
The first experimental setup uses the principle 
of the Computer Aided Thermal Analysis 
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(CATA) technique which has been used in 
literature [4] and specifically modified in this 
work to measure volumetric change in the 
sample and pressure drop of gas flowing 
through coal pellet along with the temperature 
profile. The heating chamber is shown in Fig. 
1. The sample, approximately 2 g by mass was 
packed in a quartz tube to the length of 20 mm 
with a diameter of 11.80 mm. The pyrolytic 
experiments were investigated from room 
temperature to 1000°C at a heating rate of 
10°C/min under an inert atmosphere with 
argon flowing of 30 ml/min. The temperatures 
of the graphite heating element, surface and 
centre of the samples were measured for 
calculating the apparent specific heat and 
thermal conductivity based on one dimensional 
heat conduction. 

3.2 Swelling and permeability 
The coal bed was restrained on one side by the 
alumina rod and allowed to expand on the 
other side through a Linear Velocity 
Displacement Transducer (LVDT). The LVDT 
readings as well as pressure drop were 
monitored each second along with the 
temperatures. All experiments were started 
under the same compression of the well 
calibrated spring. The transient swelling of 
samples was determined by the value of the 
LVDT measured during heating. It can be 
calculated by the transient compressed value 
ΔL of the spring and the original length L0 of 
the sample, namely swelling=ΔL/L0×100%. 
Pressure drop of gas flowing through coal 
pellet was detected by a pressure sensor. 
Permeability was calculated by the measured 
pressure drop based on Darcy’s law.  

3.3 Gas and tar evolution 
The elemental compositions of volatiles (gas 
and tar) for all coal macerals were analysed 
using a Dynamic Elemental Thermal Analysis 
(DETA) technique, as shown in Fig.2. During 
pyrolysis at 10°C/min, total volatiles released 
from heating coal were carried out by argon to 
meet the introduced O2 for combustion at 
900°C. The combustion products were 
analysed using a LiCor A CO2/H2O infrared 
analyser and a Testo 350XL flue gas analyser 
(O2, CO, H2, NO, NO2, SO2, hydrocarbons). 
The second mode is to combust the gas only 
using a second reactor outside the furnace, the 
liquid tar was condensed by an ice trap. 
Therefore, the dynamic elemental 
compositions of tar were mathematically 
calculated based on the difference between 
total volatiles and gas only. 

4. Results 

4.1 Physical, chemical and thermal 
changes in the transformation of coal 
to coke 
Experimental evaluations for all coal maceral 
concentrates, the changes of the physical, 
chemical and thermal behaviour during coking 
were correlated by a sequence of 9 events 
based on the 86.4% vitrinite concentrate, as 
shown in Fig.3 and summarized in Table 2. 
During the transformation of coal to coke, 
liquid tars initially began to evolve prior to 
distinct specific heat changes (event 1). At 
about 380°C, tars were rapidly evolving, while 
endothermic reactions and the evolution of 
gases had just began (event 2). The 
permeability of heating sample pellet began to 
decrease at the endothermic peak at about 
405°C, with the increase of plasticity occurring 
alongside the rapid evolution of tars (event 3). 
With increasing temperature, swelling began 
and permeability continued to decrease (event 
4).  

Permeability reached the minimum after 
initiation of swelling; with increasing 
temperature, swelling increased rapidly along 
with the release of gases and tars. Meanwhile, 
thermal conductivity rapidly increased (events 
4-5). Peak tar release corresponded with the 
primary exothermic trough (event 5). Tar 
evolution rate decreased, while gas evolution 
rate continued to increased (events 5-6). 
Swelling was complete at maximum gas 
evolution. An overlap of minor endothermic 
reactions occurred during the major 
exothermic devolatilisation process (event 6). 
Once the evolution of tar was complete, the 
permeability began to rapidly increase. 
Correspondingly, the thermal conductivity 
showed a small trough accompanied by a small 
endothermic peak, indicating the onset of 
secondary exothermic reaction (event 7). 
Above 676°C, the char started to shrink with 
the evolution of the light gas (H2) 
accompanied by the second and larger 
exothermic reaction, permeability slowly 
increased (event 8). The estimated thermal 
conductivity rapidly increases, which could be 
associated with other effects [4], including coal 
pyrolysis, structural changes of char and 
coking conditions. At 746°C, maximum 
contraction rate and H-gas evolution was 
observed, corresponding to secondary 
exothermic reaction peak, permeability 
continued to slowly increase (event 9). Beyond 
event 9, the secondary exothermic reaction was 
complete, and the final coke was formed. In 
summary, the 

 



 
 

                                   
Fig.1. Schematic of the experimental setup with spring loaded on LVDT 

 
Fig.2. DETA apparatus for measurements of chemical compositions (CHNOS) of tars and gases during evolution  

Table 2. Correlations between physical, chemical and thermal changes for the events indicated on Fig.3 
 

Event Temp,°C Physical Thermal  Chemical Comments on associations 

1 275 --- --- Tars evolution 

initiated  

Tars evolution prior to 

swelling 

2 380 --- Endothermic reactions 

began 

Tars rapidly 

evolved, gases 

initiated slowly  

3 405 Permeability began to 

decrease 

Endothermic peak 

appeared 

Tars rapidly 

evolved, gases 

slowly evolved 

4 453 swelling began; 

permeability continued to 

decrease 

Small thermal 

conductivity peak and 

exothermic trough  

Tars and gases 

both rapidly 

evolved 

Rapid gas/tar evolution ~ 

onset of swelling ~ low 

permeability  

5 494 Max swelling rate; 

permeability had 

increased but slightly 

decrease again 

Exothermic trough 

appeared, thermal 

conductivity rapidly 

increased 

Peak tars 

appeared 

Max swelling rate and tar 

evolution rate ~ 

exothermic trough  

6 506 Swelling completed; 

permeability began to 

slowly increase  

Overlap of  exothermic 

and endothermic 

reactions 

Peak gases 

appeared 

Swelling ended as peak 

gases appeared 

7 546 Permeability  rapidly 

increase 

Small endothermic peak 

and thermal conductivity 

trough 

Rapid tars 

evolution ended 

Char structure became 

porous, rapid increase of 

permeability, tars fully 

evolved 

8 676 High temperature 

contraction began, 

permeability slowly 

increase 

Thermal conductivity 

rapidly increased 

Gas (H2) 

evolution rate 

began to increase 

Onset of contraction and 

secondary reactions with 

gases evolution 

9 746 Contraction continued, 

permeability slowly 

increased 

Exothermic reaction for 

secondary devolatilisation  

Secondary peak 

gas  (H2)  

appeared 

Max contraction rate and 

max secondary gases 

evolution rate 

LVDT 

Spring 

Sample 

Graphite 

Alumina rod 
Dilution gas 

Centre 

Carrier gas 
Pyrolysis gas 

Surface 
Control 
Thermocouples 
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evolution of gases and tars influenced the 
development of fluidity, permeability and 
swelling, and was also affected the heats of 
chemical reactions and the changes in thermal 
conductivity 
 

 
Fig.3. Correlations of physical, chemical and thermal 
changes during coke formation for the 86.4% vitrinite 

concentrate. 

 

5. Conclusions 
The dominant event associated with coke 
formation is swelling. The new findings of the 
present study related to the temperature 
sequence of events on heating prior to the first-
detected onset of swelling and the temperature 
of rapid swelling during formation of coke 
from heating coal are 

• Measured tar release identified by DETA 
technique was initiated at almost 180°C 
prior to the measured onset of swelling and 
is associated with endothermic and 
exothermic reactions identified by CATA 
technique. 

• Measured gas release was initiated at less 
than 100°C prior to the onset of swelling. 

• The measured pressure drop of gas 
flowing through the coal sample indicated 
liquid formation and the pressure drop 
increased at about 30°C prior to the onset of 
swelling, decreased after this onset and 
increased again during rapid swelling. 

• The estimated thermal conductivity 
identified by CATA technique increased 
slightly at about 30°C prior to the onset of 
swelling, apparently also due to liquid 
formation (but with less sensitivity than 
pressure drop), and to a greater degree 
during rapid swelling. 

• Measured rapid swelling occurred over a 
temperature interval after the onset of 
swelling of about 40°C and was associated 
with an additional exothermic reaction and 
the release of gases. 

• A suggested mechanism for rapid swelling 
requires the formation of metaplast, with the 
measured increases of pressure drop being 
an indicator of the onset of metaplast 
formation. A second requirement is the 
release of gases after sufficient metaplast has 
formed. The current measurements for gas 
and tar evolution, with the associated 
changes of pressure drop and thermal 
conductivity, support such a mechanism. 
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Abstract 
Oxy-fuel combustion is an emerging technology to mitigate CO2 emissions from power plants. Compared with other CO2 capture 

technologies, gas impurities in oxy-fuel flue gas are highly concentrated, among which SO2 is of concern. Dynamic transient 
experiments have been conducted in a semi-batch well stirred reactor (WSR) relevant to the conditions of the flue gas scrubbers 
operating at atmospheric pressure prior to CO2 compression in oxy-fuel technology for CCS. SO2 in N2 as well as in CO2 were 
considered. The initial solutions considered were NaOH (0.01M and 1 M), Na2CO3 (0.005M) and NaHCO3 (0.01M). Analysis of the 
liquid solutions shows that significant amount of bicarbonate presents at pH values greater than 5.5, indicating a loss of the 
effectiveness of the sodium reagent. A practical discharge pH of the liquid discharge from the scrubber should be lower than 5.5 to 
minimize sodium loss; whereas at pH lower 4 absorption rate reduces. This operating range is consistent with the reported operating 
range of the scrubber used in the Vattenfall oxy-fuel pilot plant. 

 
Keywords: Oxy-fuel, CO2 quality, SO2, scrubbing 
 

 

Nomenclature 
 

N is absorption rate, mole/cm2·s; 
V is the volumetric flow rate of gas mixture, L/s; 
Pin is partial pressure of gas in inlet of WSR, atm; 
Pout is partial pressure of gas in the outlet of WSR; 
P is total partial pressure of gas, atm; 
Vm is mole volume of gas mixture, L/mole; 
A is the interfacial area between gas and liquid, cm2; 
kg is gas side mass transfer coefficient, 
mole/cm2·s·atm  
Pi is partial pressure of gas in gas liquid interface, 
atm;  
d is stirrer diameter, m;  
D is diffusivity of reactive gas (SO2), m2/s;  
DSO2,N2 is diffusivity of SO2 in N2 is 0.126cm2/s;  
DSO2,CO2 is diffusivity of SO2 in CO2, 0.087cm2/s;  
n is rotating speed s-1;  
ρ is density of gases, kg/m3;  
ρN2  is density of N2 , 1.15x10-3g/cm3 at 25oC;  
ρCO2 is density of CO2, 1.81x10-3 g/cm3 at 25oC;  
μ is viscosity of gases (N2 or CO2), kg/m s at 25oC;  
μN2 is viscosity of N2, 1.78x10-4g/cm/s at 25oC;  
μCO2 is viscosity of CO2, 1.49x10-4 g/cm/s at 25oC;  
C is a model constant; 
Sh is Sherwood number;  
Re is Reynolds’s number;  
Sc is the Schmidt number; 
νCO2 is dynamic viscosity of CO2 , 0.0823cm2/s at 
25oC;  
νN2 is dynamic viscosity of N2, 0.1548cm2/s at 25oC; 
kSO2,N2 is gas phase mass transfer coefficient, 
0.2874mole/m2/s/atm; 
kSO2,CO2 is gas phase mass transfer coefficient, 
0.2683mole/m2/s/atm. 

1. Introduction 
Oxy-fuel combustion is an emerging technology 

to mitigate CO2 emissions from power plants. 
Compared with other CO2 capture technologies, gas 
impurities in oxy-fuel flue gas are highly 
concentrated, among which SO2 is of concern. The 
study on SO2 absorption in a scrubber needs to 
consider the high concentration of CO2 impacts. The 
CO2 impacts have been shown in the Vattenfall 
oxyfuel demonstration project[1]. In the 
demonstration, a two staged scrubber system has 
been used to cool down the gas as well as to clean 
out some of SO2. In particular, the second stage of 
the scrubber, which uses NaOH addition, operates at 
an exit pH of 3.5-7. From their operation results, 
there is a rapid increase in bicarbonate formation 
from the 2nd stage at pH greater than 5.5. Therefore, 
the data indicates that the 2nd stage of the scrubber 
should be operated at a pH between 4 and 5.5 of the 
product liquid, where little NaOH reagent is lost and 
SO2 removal is high [2]. This study is to further 
investigate the CO2 impacts on SO2 absorption in a 
lab scale well stirred reactor.  

2. Experiment 

2.1 Experimental conditions 
 
Experiments have been conducted in a semi 

batch well stirred reactor with pH and SO2 
measurement in the liquid and gas phase 
dynamically[3]. Two levels of sodium 
concentrations have been used in the experiments, 
i.e. low concentration (0.01M) and high 
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concentration (1M), with details of experimental 
conditions given in Table 1. The purpose of using 
the high sodium concentration is to get the upper 
limit of SO2 absorption rate and gas phase mass 
transfer coefficient [4-6]. Experiments at low 
concentration of sodium solutions study the impacts 
of solution chemistry on SO2 absorption by using 
different initial sodium solutions including NaOH 
(0.01M), Na2CO3 (0.005M) and NaHCO3 (0.01M) 
and different partial pressures of SO2 (310-
1901ppm). For the consideration of impacts of CO2 
on simultaneous absorption of CO2 and SO2 in 
NaOH (0.01M), experiments on mixtures have been 
conducted with different partial pressures of SO2 
(286-1802ppm) with CO2 as the balance gas.  

3. Results and discussions 

3.1 Determination of gas phase mass 
transfer coefficient from the high sodium 
concentration experiments 

 
The absorption of four diluted concentrations of 

SO2 (337~1873ppm) in an aqueous solution of 
1mole/l NaOH (which has a pH of 13.71) was 
carried out to determine the gas side mass transfer 
coefficients of the system. The calculation method is 
from Chu [4-6] and details are given below. In the 
following formula, the absorption rate can be 
calculated by two methods, the first method is based 
on the difference on partial pressures between inlet 
and outlet of the reactor during the experiments, and 
the second method is based on mass transfer theory.  

( ) ( )ioutg
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outin PPk
AP
PPVN −=

⋅⋅
−⋅

=
υ

 

From the formula, if concentration of NaOH is high, 
the interfacial partial pressure of SO2 is zero and the 
absorption rate of SO2 is proportional to the partial 
pressure of SO2.  

3.2 Study of SO2 absorption into NaOH 
with CO2 as the gas diluent  

 
In order to study the impact of CO2 on 

absorption rate of SO2, experiments were also done 
on the simultaneous absorption of SO2 and CO2. 
Fig. 1 compares absorption of 3000ppm SO2 
absorption in 0.01M NaOH.  

 
Figure 1 SO2 concentrations at the outlet of the well stirred 

reactor and pH changes against time for a low concentration 
of sodium (gas mixture of 0.3% SO2, 99.7% N2 absorption in 
0.01M NaOH, gas mixture of 0.3% SO2, 29.7% N2, 70% CO2 

absorption in 0.01M NaOH, gas stirring speed and liquid 
stirring speed being around 200 rpm respectively) 

From the pH changes against time, at the outlet of 
WSR is slightly greater for the case with CO2. This 
implies the absorption rate of SO2 in NaOH is larger 
than that in N2. When pH is lower than 3, the curves 
of concentration of SO2 are similar.  
 

Fig. 2 compares the absorption rate of SO2 with 
and without CO2 in 0.01M NaOH at different partial 
pressures of SO2 and different pH values. Overall, 
absorption rate against pH can be divided into three 
regions based on pH ranges as pH reduces. In the 
first region, absorption rate is constant in the pH 
range from 12 to around 7. In the second region, 
between pH around 7 to around 4, SO2 absorption 
rate decreases slowly. In the third region, at pH 
below 4, absorption rate dramatically decreases. 

 

 
Figure 2 Comparison on absorption rate of SO2 with and 

without CO2 in 0.01M NaOH at different partial pressures of 
SO2 and different pH values (initial pH for all experiments is 

12 , stirring speed for gas and liquid being 200rpm), the 
transition pH values from gas phase controlled region being 

5.06 for 286ppm SO2, 5.67 for 856ppm SO2, 5.95 for 1278ppm 
SO2 and 6.04 for 1802ppm SO2 respectively for SO2 in CO2 

and for SO2 in N2 are the same as above 
Table 1 List of experiments on SO2 absorption into sodium aqueous solutions, under various stirring speeds in gas phase, partial pressures in 

gas phase (liquid stirring speed is kept at 200rpm, CO2 or N2 used as the balance gas)  
Gas phase composition Gas stirring gas stirring 

speed,rpm 
Liquid phase composition 

SO2 (ppm) CO2 (%)  NaOH (M) Na2CO3 (M) NaHCO3 (M) 
310, 856, 1391,1901 - 210 0.01 - - 
310, 856, 1391,1901 - 210 - 0.005 - 
310, 856, 1391,1901 - 210 - - 0.01 

286 97.11 210 0.01 - - 
803 91.89 210 0.01 - - 

1278 87.1 210 0.01 - - 
1802 81.8 210 0.01 - - 
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3.3 Absorption of SO2 in gas phase controlled 
region 
 

In order to understand the controlled mechanisms 
of SO2 absorption, initial absorption rates of SO2 at 
different partial pressures and in different sodium 
solutions were chosen to compare with the gas phase 
controlled line. The slope of the solid line in Fig. 3 was 
obtained from the gas side mass transfer coefficient at 
the stirring speed of 210rpm. Fig.3 shows the straight 
line crossing all the initial absorption rate data of SO2 
in different sodium solutions indicating absorption rates 
located in a gas phase controlled region for SO2 
absorption in 0.01M NaOH (pH=12), 0.005M NaOH 
(pH=11.97), 0.01M NaHCO3 (pH=8.42) and 0.005M 
Na2CO3 (pH=11.2).  
 

In order to understand the impacts of CO2 on the 
absorption rate of SO2 in gas phase controlled region, a 
calculation was undertaken based on dimensionless 
analysis. In the well stirred reactor, the relationship 
between dimensionless numbers can be expressed in 
the following formula[7]. 
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=  

The final equation can be obtained below after 
transformation of above equation: 
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The ratio between mass transfer coefficient of SO2 
in N2 and SO2 in CO2 can be expressed in the 
following equation.  
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The gas phase mass transfer coefficient kSO2, N2 is 
0.2874mole/m2/s/atm at the a stirring speed of 210 rpm 
and this coefficient is the slope of the solid line on Fig. 
3. The corresponding gas phase mass transfer 
coefficient kSO2, CO2 is 0.2683mole/m2/s/atm from the 
above equation and this gives the dashed line on Fig. 4. 
The calculation of diffusivity of SO2 in N2 and in CO2 
is from reference [8] and the calculation of critical 
volume of gases and critical temperature of gases (SO2, 
N2 and CO2) in the equation is from reference[9].  
 

Replacing N2 with CO2 will reduce the diffusivity 
of SO2; increase the gas density and reduce the gas 
viscosity and as a result, the combined effect of 
diffusivity of SO2 in bulk gas (N2 or CO2) and 
dynamic viscosity of bulk gas (N2 or CO2) makes the 

resulted gas side mass transfer coefficient comparable 
for both  

 
Figure 3 The relationship between SO2 absorption rate and 

partial pressures of SO2 at different solutions and comparison 
with gas phase controlled lines which are obtained from Figure 5 

and calculated from above dimensionless equation separately 
(pH=12 for 0.01M NaOH, pH=11.2 for 0.005M Na2CO3, pH=8.42 
for 0.01M NaHCO3, pH=11.97 for 0.005M NaOH, stirring speed 

for gas and liquid being 200rpm) 

SO2 in N2 and SO2 in CO2 cases. Overall, gas phase 
mass transfer coefficient for SO2 in N2 is a little greater 
than that for SO2 in CO2 in agreement with Fig. 1.  

 

3.4 Liquid analysis 
 
The liquid was sampled at a few pH values during 

an experiment absorbing 3000 ppm SO2 into 0.01M 
NaOH with and without CO2. A standard titration 
method has been used to get the concentration of 
carbonate and bicarbonate and ion chromatography (IC) 
has been used to measure the concentration of sulphite 
and sulphate. Fig. 4 indicates the dominant components 
in liquid are bicarbonate and sulphate. The sulphate 
may be the product of sulphite and bisulphite oxidation 
during sample storage prior to analysis, but the sample 
oxidation does not impact total sulphur analysis. 
Concentration of total sulphur in liquid increases with 
the decrease in pH, and as pH reaches the lowest point 
the concentration of sulphur is almost the same for both 
with CO2 and without CO2 cases, which means CO2 
doesn’t have significant impact on the final equilibrium 
pH as well as concentration of sulphur in the solution. 
For the case of absorption of SO2 and CO2 in NaOH, 
the desorption of CO2 can be observed at pH below 7, 
and at pH around 5.5, all the bicarbonate disappeared.  
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Figure 4 Liquid analysis for concentration of carbon based ions 

(CO3[2-], HCO3[-])and sulphur based ions (SO4[2-]) for 
3000ppm SO2 absorption in 0.01M NaOH with and without 

CO2at different pH values  

4. Practical implications for operation of 
SO2 scrubber at atmospheric pressure 

 

 
Figure 5 Absorption rate of SO2 at pH 4 compared to pH 12 
where absorption rate of SO2 located in gas phase controlled 

region 

In order to quantify the dependence of absorption 
rate of SO2 on pH of solutions, the absorption rate at 
pH values of 4 and 12 were determined, representing 
for discharging solution and fresh solution. The ratios 
of absorption rates at pH 12 to pH 4 is plotted on Fig. 5. 
A reduction of about 40% in absorption rate of SO2 is 
apparent at the lower pH which is not strongly 
dependent on the partial pressure of SO2 or balance 
gases (CO2 or N2). The current results agree with data 
reported for the Vattenfall scrubber in two aspects: a 
significant reduction rate in SO2 absorption at pH<4, 
and a loss of NaOH reagent due to bicarbonate 
formation at pH above 5.5. Therefore an operation with 
the product liquid having 4<pH<5.5 is recommended.  

5. Conclusions  
Experiments in a well stirred reactor (WSR) have 

been undertaken with measurements of the absorption 
rate of SO2 in aqueous sodium solutions. Several 
conclusions have been obtained: 

 
• Dynamic absorption curves show three regions 

of SO2 absorption behaviour. At a high pH 

above 7, the absorption rate is in a gas phase 
controlled region. At lower pH the absorption 
rate reduces    

• Simultaneous absorption of SO2 and CO2 into 
sodium solutions is associated with sodium 
reagent loss as bicarbonate 

• A combined effect of lower diffusivity and 
dynamic viscosity of SO2 in CO2  results in a 
slight decrease in SO2 absorption rate for the 
case of absorption of SO2 in presence of 
CO2.compared to N2 

• An operation range between 4 and 5.5 can be 
chosen to control sodium loss and for 
operation at a relative high absorption rate 
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Abstract 
The current paper estimates the costs for sulfur removal in oxy-fuel thermal power plants. In oxy-fuel plants, SOx concentrations in 
the flue gas are expected to increase by around three times due to the replacement of N2 by recycled CO2-rich flue gas. Therefore, 
SOx removal becomes essential to avoid any high temperature corrosion problems in the furnace as well as in back end processes. In 
Australia there are currently no regulations for SOx emissions due to the abundant availability of low sulfur coal, and therefor coal 
based thermal power stations do not have FGDs installed. Unlike Australia, in other parts of the world low sulfur coal availability is 
uncertain. Therefore, regulations on SOx emissions are in place and coal based thermal power stations have FGDs already installed. 
The cost estimates have been made for sulfur removal under new or retrofit conditions for both Australia and worldwide.  
 
Keywords: Oxy-fuel, flue gas impurities, flue gas cleanup, SOx removal costs, oxy-fuel plant design economics. 
 

Nomenclature 
 

ASU  Air separation unit 

B&W                    Babcock & Wilcox 

COP                   Callide oxyfuel project 

CPU                   CO2 purification unit 

CCS                    Carbon capture and storage 

DCCPS         Direct contact cooler/polishing scrubber  

EPRI  Electric power research institute 

ESP                   Electric static precipitator 
FF                    Fabric filter 

FGD                    Flue gas desulfurization 

GCCSI                   Global Carbon Capture and Storage Institute 

HHV                  High heating value 

NETL                  National Energy Technology Laboratory 

O&M                            Operation & maintenance 

PC                     Pulverized coal 

pf                     Pulverized fuel 

PJFF                     Pulse jet fabric filter 

PM                     Particulate matter 

RFG                      Recycled flue gas 

SDA                     Spray dryer adsorbent 

STG                     Steam Turbine Generator 

WFGD                             Wet flue gas desulfurization 

1. Introduction 
In recent years global coal use has risen at a rate of 4.9% 
annually despite increased awareness of climate change. 
This clearly indicates that coal is still considered to be 
the cheapest and most dominant fossil fuel in power 
generation for the next several decades. It has been 
identified that the carbon capture and storage (CCS) 
technologies hold the potential to function as an ‘energy 
bridge’ between the use of fossil fuels and a future 
renewable-based, largely carbon-free energy system. 
Among several carbon capture and storage options (i.e. 
Pre-combustion, post-combustion and oxy-combustion), 
oxy-PF combustion has been found to be the most 
attractive option for an effective use of coal with reduced 

or nearly zero CO2 emissions [1]. The current paper 
focuses on flue gas cleaning during oxy-PF combustion. 
 
Oxy-PF combustion is the combustion of solid fossil fuel 
in a pure oxygen and carbon dioxide atmosphere. CO2 -
capture from the conventional air firing combustion 
process (i.e. post-combustion capture with amine 
absorption) may be difficult due to the dilute 
concentration of CO2 in the flue gas, thanks to the large 
volume of nitrogen present in the air. In contrast, in oxy-
PF combustion, eliminating nitrogen from the air and by 
supplying only oxygen through an additional air 
separation plant generates a highly concentrated stream 
of CO2 (up to 80%) after combustion [1-2]. The 
remaining flue gas contains primarily H2O and several 
other impurities such as SOx, NOx and mercury. Part of 
the flue gas is recycled in order to control the flame 
temperature. The water vapor is condensed; the 
impurities such as SOx, NOx and mercury are removed 
and the CO2 stream is compressed and transported to the 
storage site. In an oxy-fuel plant, SOx concentrations in 
the flue gas are expected to increase by around three 
times compared to an air fired plant, due to the 
replacement of N2 by recycled CO2-rich flue gas. 
Therefore, SOx removal becomes essential to avoid any 
corrosion problems in the furnace as well as in the back 
end processes. Also, mercury removal from the flue gas 
is essential before liquefying CO2 in a cold box to avoid 
the risk associated with mercury attack on aluminum 
heat exchanger plates. Mercury is expected to be 
removed using an activated carbon bed. NOx 
concentrations are also expected to increase around three 
times and may create corrosion problems, however, it 
can be removed in the compression circuit [2]. The 
current paper mainly focuses on SOx removal in oxy-
fuel plants. 
 
As published in the 2007 NETL report [3], in addition to 
the PC boiler and steam turbine, as used in conventional 
PF combustion, the additional air separation unit, flue 
gas clean up and CO2 compression and purification unit 
operations required in oxy-PF are considered to be the 
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major cost driver of the process as shown in Figure 1. 
The current paper investigates the effect of flue gas 
impurities, mainly sulfur, on flue gas cleanup costs. 

 
Fig 1. NETL report capital cost estimate [3] 

2. Different flowsheets for varying sulfur 
level in fuel published by IHI and B&W 

To reduce the capital and operating costs associated with 
flue gas clean up, different flowsheet options have been 
investigated. Conventional options for SOx removal in 
oxy-PF combustion are depicted in Table 1.  

 
Table 1. SO2 removal options 

 
+ some collection of SO2 occurs 
++ intermediate SO2 removal efficiency 
+++Highly efficient removal of SO2 
 
Some of the SOx from flue gas may be removed in the 
PM handling systems such as Electrostatic precipitator 
(ESP) or Fabric filter (FF). However, the majority of the 
SO2 is generally suggested to be removed by either Flue 
gas desulfurization (FGD) systems or sorbent injection 
[4]. In retrofit conditions, the fly ash load on an ESP or 
FF may increase above its design value when sorbent 
injection is used. Also, handling more solids in ESPs or 
FFs has been found to be more challenging. Therefore, 
FGD systems are the preferred option for removing SO2 
from flue gas depending on the amount of sulfur present 
in the coal [5-7]. Furthermore, a wet/direct contact 
cooler polishing scrubber (DCCPS) using a caustic 
solution installed before the compression stage is 
expected to remove any remaining SO2 [6]. 
Compression can also remove the remaining SO2 as 
sulfuric acid in the condensate. However, SO2 removal 
in the compression unit can affect the NOx removal 
performance; therefore, it is generally recommended to 
remove SO2 before the flue gas enters the compression 
circuit.  
 
SO3 in the flue gas hydrates to form H2SO4 vapour. As 
the flue gas temperature cools, the H2SO4 vapour 
condenses to form a sub-micron aerosol (acid mist). SO3 
levels in oxy-fuel flue gas are expected to increase by 
approximately three times compared to air combustion 
levels and therefore the air-preheater may need to be 
operated at higher temperatures due to the higher acid 
dew point. Due to the small size of these aerosol 
particles (less than 0.5 μm), the acid mist is difficult to 

capture. However, 20-40% capture rates have been 
observed as the flue gas pass through the final boiler heat 
traps (air heaters) and in the air pollution control 
equipment (ESP/FF/FGD systems) [2].  
 
Looking to the different removal unit operations and 
removal mechanisms for SOx in oxy-fuel plants, several 
flowsheet options have been suggested by IHI and B&W 
as shown in Figure 1. However, in the existing literature 
there has been limited information available on the cost 
estimates for different flowsheet options for flue gas 
clean up. In the current paper, efforts have been made to 
understand the variations in cost estimates for flue gas 
clean up options dealing with different levels of sulfur 
impurities. 

 
Fig 2. Flowsheet designs for sulfur removal in oxy-fuel 

 
The flowsheet designs considered in the current study 
are highlighted in Figure 2. The design suggested by IHI 
is shown as IHI-Callide. CS energy has employed the 
IHI design for the world’s first 30MWe oxy-fuel 
demonstration project at Callide Power Station in 
Australia.  This design is suitable for low sulfur 
(<=1 wt.% d.b.) coal, with sulfur removal occurring in a 
DCCPS using caustic solution (50 wt.% NaOH) [5]. 
B&W1 is the design suggested by B&W for low sulfur 
(<=1 wt.% d.b.) coal. It uses a lime slurry in a semi-dry 
absorber (SDA) unit for sulfur removal [5].  In both IHI-
Callide and B&W1 flowsheets, flue gas does not require 
cleaning before being recycled to the furnace due to the 
low sulfur levels present in the flue gas. B&W2 and 
B&W3 designs are for medium sulfur (1.5 wt.% d.b.) 
coal, and use a SDA and wet flue gas desulfurizer 
(WFGD) respectively to remove sulfur [5]. WFGD uses 
limestone to remove sulfur as gypsum. The performance 
of SDA is sensitive to operating conditions, requiring a 
“close approach” to the adiabatic saturation temperature 
to maximize the removal of SO2. However, excess 
moisture causes the wet solids to deposit on the absorber 
and downstream equipment. The optimum operating 
temperature in a SDA is generally 10°C to 15°C below 
the saturation temperature. For this reason, a SDA 
operates at higher temperatures than a WFGD and 
therefore it is generally installed before the fabric filters 
(FF). The B&W4 design is for high sulfur 
(3.5 wt.% d.b.) coal, removing the sulfur with a WFGD 
[5]. Recently the FutureGen 2.0 demonstration project 
(>150 MWe) was announced. The B&W5 flowsheet of 
FutureGen 2.0 is suitable for blended coal with medium-
high level sulfur (2 wt.% d.b.) and uses a circulating dry 
scrubber (CDS) unit for sulfur removal [5]. For medium-
high sulfur coals, the flue gas is generally recycled after 
cleaning to avoid the possible risk of high temperature 
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corrosion in the furnace. Details of the published 
flowsheets and SOx removal unit operations can be 
found elsewhere [5]. The size of the sulfur removal unit 
generally depends on its operating temperature and 
position in the back end circuit, which will affect the 
overall cost for SOx removal unit operations in oxy-fuel 
power plants.  
 
3. Methodology and basis for cost 
evaluation 
 
Five different flowsheet options have been investigated 
in this study. No cost estimation code/data is available 
for the CDS unit, and therefore the FutureGen 2.0 
flowsheet – B&W5 has not been studied in the current 
paper. Recent references, such as the NETL 2007 report 
[3], EPRI 2010 report [8] and S&L 2011 reports [9-11] 
were used for cost calculations. The methodology 
applied in the current work has been described in Figure 
3. ASPEN Plus V7.3 was used to obtain flue gas 
flowrate and reagent requirements for different sulfur 
removal unit operations for each flowsheets.  
 

 
Fig 3. Methodology chart 

 
The capital costs ($/kW) include the costs for base 
equipment, reagent preparation and handling equipment, 
waste handling equipment and balance of plant costs 
such as the ID fan, boosters, piping, ducting etc. Fixed 
O&M costs ($/kW/Yr) take into account the costs for 
labor, maintenance and administration. Variable O&M 
costs ($/MWh) comprise the costs for raw materials, 
reagents, waste disposal, water makeup and auxiliary 
power.   
 
Assumptions 
The basis for the calculations is: 
1. An oxy-fuel power plant with 550 MWe power 

output with an overall  efficiency of 30%.  
2. The costs for the raw materials or reagents, labour 

rate, electricity rate and waste disposal rate have 
been assumed as below: 

Details Unit Value 

Limestone cost (S&L2010) $/ton 15 

Lime cost (S&L2010) $/ton 95 

Caustic cost (100%)  $/ton 940 

Waste disposal cost 
(S&L2010) 

$/ton 30 

Labour rate (S&L2010) $/hr 60 

3. Number of operators per  day for SDA, WFGD and 
PJFF has been assumed to be 12 (3 per shift), 16 
and 0 respectively.  

4. ASPEN Plus V7.3 models were developed for all 
seven flow sheets to identify the flue gas flow rates 
and SO2 concentrations for each backend. 

5. Values of lime, limestone and caustic requirements 
for different flow sheets were also estimated from 
the ASPEN Plus V7.3 models. 

6. The plant working days was assumed to be 320 
days per year. 

7. Costs for SDA, WFGD and PJFF have been 
calculated according to the S&L codes from their 
2010-11 reports [9-11]. 

8. The value of gypsum as a by-product for FGD are 
not considered in the current calculations. 

9. Costs for neutralizing condensate are not 
considered.  

10. Auxiliary power costs are not considered for all 
flowsheets.  

11. The currency conversion factor was considered to 
be 0.85 USD = 1AUD as per 2010 price. 

4. Results 

Capital costs 
The results for the captial costs ($/kW) estimates are 
illustrated in Figure 4. It can be seen that capital costs 
required for IHI-Callide design is the lowest compared to 
all other flowsheets studied. The major reason for such 
low cost is that callide flowsheet removes sulfur in a 
DCCPS and doesn’t require any additional SOx removal 
unit. Also, the DCCPS in the Callide flowsheet treats 
30% of the total flue gas volume with the rest recycled 
without flue gas cleaning. Therefore, the equipment size 
will be smaller, reducing the capital cost.  
 

 
Fig 4. Capital cost estimates for different flowsheets 

 
The capital cost required for B&W4 flowsheet is the 
highest due to a higher WFGD unit cost. In this 
flowsheet the entire flue gas volume is treated before 
recycle due to the high sulfur levels in the flue gas, 
increasing the size and cost of the WFGD and DCCPS.  

Cost estimates for FGDs, Carbon bed, Compression, 
scrubber, PJFF and DCCPS from literature for air-fired 
system

Selection of coal and flow sheet based
on S

Modify the cost estimates for oxy-fired based on flue 
gas flow rate and impurities generation rate

Process simulation using ASPEN plus
• Flue gas flow rate
• Reagent requirement
• Auxiliary power
• Waste generation
• Waste disposal
• Make up water

Capture efficiency of SOx by FF from 
experimental results @ IFK and UoN or 
Literature

Comparison of S and Hg removal costs

1

2

3

4

5

6

0

200

400

600

800

1000

1200

Ca
pi

ta
l (

$/
kW

)

DCCPS
PJFF
WFGD
SDA

- 85 - 



 
 
Fixed O&M costs 
The results for the fixed O&M costs ($/kW/year) for all 
the flowsheets are shown in Figure 5. Similar to the 
capital costs, the fixed O&M costs for the IHI Callide 
design is the lowest compared to all other flowsheets 
studied. This is mainly due to the higher costs of labor, 
maintenance and administration with additional FGD 
systems for B&W designs. 
 

 
Fig 5. Fixed O&M cost estimates for different 

flowsheets 
 
Variable O&M costs 
The results for the variable O&M costs ($/MWh) for all 
flowsheets are presented in Figure 6. In contrast to the 
capital costs and fixed O&M costs, variable cost for the 
IHI-Callide design is the highest among all flowsheets. 
This is mainly due to the higher caustic price of 
$940/tonne in Australia. Currently there is no proper 
market mechanism for caustic in Australia, resulting in 
this elevated price. In comparison, the raw material price 
for lime and limestone, required by the SDA and WFGD 
respectively, is $95/tonne and $15/tonne. 
 

 
Fig 6. Variable O&M cost estimates for different 

flowsheets 
 
Further sensitivity analysis has been performed on the 
caustic cost as shown in Figure 7. It can be observed that 
variable O&M cost for the IHI design becomes 
comparable to other flowsheets only when the  caustic 
cost is below $380/tonne. 
 

 
Fig 7. Sensitivity analysis of caustic costs 

 
The simple net profit analysis for sulfur removal is 
presented in Table 2. Differences in coal price based on 
the sulfur content have been excluded in the current 
calculations. Also, the discount/interest rate in the 
installment costs has been ignored for simplicity. In 
Table 2 the IHI-Callide design is selected as a base case. 
The profits produced by each plant if the plant is new 
and if it was retrofitted from an air combustion plant are 
also presented. It can be found that for the new global 
case where no FGD systems are installed, B&W 1 and 
B&W3 flowsheet designs are still profitable  (See Raw 
5) compared to the IHI design despite no capital 
investment was required for SOx removal in IHI design. 
This was mainly due to higher variable O&M cost for 
IHI Callide flowsheet because of higher caustic price. 
For global retrofit case, all flowsheets are considered to 
be more profitable compared to IHI Callide design.    

 
Table 2. Net profit analysis 

 

5. Conclusion 
Cost estimates have been obtained for sulfur removal in 
oxy-fuel plants. Five flowsheets have been studied. It 
was found that the IHI-Callide flowsheet, despite having 
less sulfur removal unit operations and lowest capital 
investment, is less attractive due to the very high caustic 
price. The B&W1 flowsheet with an SDA is found to be 
the most attractive option considered while the caustic 
price is high.  
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Abstract 
The sintering behaviour of four Chinese lignite ashes (high-silica WANG; high-sulfur LLi, high-alumina BLG, high-alkaline 
ERDOS), with and without potassium carbonate (K2CO3) addition, was investigated under different atmospheres. The ash samples 
were prepared using a drop tube furnace at 1500 ◦C under air atmosphere to simulate the coal combustion. The ash sintering 
temperature was determined using a pressure drop sintering device. The ash mineralogy and morphology were analysed using an X-
ray diffractometer (XRD) and a scanning electron microscope-energy dispersive X-ray spectrometer (SEM-EDS). The results showed 
that, without K2CO3 addition, the order of ash sintering temperature was: high-alumina BLG > high-silica WANG > high-sulfur LLi 
> high-alkaline ERDOS. With 10wt% K2CO3 addition, the ash sintering temperature decreased except for the high-alkaline ERDOS 
lignite, because K2CO3 reacted with clays to form K-bearing aluminosilicates. It was also revealed that the ash sintering temperatures 
were higher under the air atmosphere than under CO2 for all lignite ashes. 
 
Keywords: Lignite; Potassium Carbonate; Sintering temperature; SEM-EDS; XRD 
 

 

1. Introduction 
 
Ash deposition is widely considered as a major 

contributor to some operational problems in coal 
combustion and gasification plants [1, 2]. The formation 
of ash deposits not only decreases the efficiency of coal 
combustion and gasification but also increases the 
maintenance costs of the system, and sometimes leads to 
unplanned shutdown of the system [3, 4]. Ash sintering 
behaviour plays an important role in the ash deposition 
process [3]. Ash sintering refers to the process in which 
some partial melting particles become sticky and bond 
together with adjacent solid particles. These bonded 
particles will potentially grow up and finally form a bulk 
of ash deposits [2]. 

The ash sintering process mainly relies on ash 
chemistry and other factors such as furnace atmosphere 
and temperature, pressure, ash particle size and so on [5]. 
The ash chemistry becomes more complicate due to the 
addition of alkali salts, especially along with low rank 
coal such as lignite [6]. Generally, the alkali salts are 
prone to react with Si and Al compounds in coal ash, 
resulting in the formation of products with lower melting 
points [3]. Potassium carbonate (K2CO3) is one of alkali 
salts and considered as a kind of fluxing addition [6]. 
Some studies [7, 8] reported that K2CO3 was prone to 
interact with mineral matters in coal to form some new 
mineral matters during the process of coal utilization, 

which  affected ash sintering behaviour or fusion 
temperature [4].  

However, studies on the ash sintering behaviour of 
lignites with K2CO3 addition are scarce and the 
underlying mechanisms remain unknown. Against this 
backdrop, the objective of this paper was to investigate 
the effect of K2CO3 addition on the ash sintering 
behaviour of four distinct kinds of lignite under different 
atmospheres.  

2. Experimental 

2.1 Materials 
  

Four Chinese lignites, namely high-silica WANG, 
high-sulfur LLi, high-alumina BLG, and high-alkaline 
ERDOS, were chosen for this study. The particle sizes of 
the coal samples were less than 200 µm. Based on the 
Chinese standard (GB/T212-2001), the ERDOS ash was 
made by heating the coal samples to 700 ℃ for 2 h due 
to its low fusibility, while the others were made by 
heating the coal samples to 815 ℃ for 2 h. The chemical 
compositions of ashes prepared are illustrated in Table 1. 
The ash fusion temperatures of ash samples were tested 
under air atmosphere and the results are shown in Table 
2. To investigate the influence of K2CO3 addition on the 
ash sintering behaviour, 10wt% K2CO3 was added into 
the lignites, respectively.  
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2.2 Experimental  
 

A drop tube furnace was employed to produce the 
ash samples with the advantage of noncontact coal 
conversion to avoid the occurrence of ash sintering [9]. 
The drop tube furnace was operated at 1500 °C under air 
atmosphere to simulate the coal combustion. Briefly, the 
drop tube furnace consisted of an electrically heated 
furnace and a vertical mullite tube (55 mm I.D. and 1500 
mm in length), with a vibration screw feeder at the top 
and an ash collector at the bottom. The residence time of 
the particle was approximately 1 s.  

A pressure drop sintering device was used to 
determine the ash sintering temperature in air and CO2 
atmosphere due to its sensitive and quick response to 
changes in the dimensions of the ash pellet [10]. The 
details of the pressure-drop sintering device have been 
described elsewhere [10-12]. 

In order to understand the effect of the K2CO3 
addition in the ash sintering process, the ash 
morphological and mineralogical transformation were 
also investigated using a TESCAN-Vega-3-XM SEM 
analyser aided with an Oxford EDS and a PANalytical 
XRD with a scan speed of 0.0847 °/s between 2θ = 5° 
and 70°, respectively.  

 
Table 1 Ash chemical composition of coal samples 

Coal type 
Ash composition (%) 

SiO2 Al2O
 

CaO Fe2O
 

K2O Na2

 
SO3 

WANG 58.1 12.1 11.5 6.3 2.1 2.7 2.3 
LLi 44.3 17.0 11.4 10.2 1.6 1.5 10.8 

BLG 28.5 50.0 6.3 2.1 0.9 0.4 5.2 
ERDOS 32.0 10.7 9.5 9.3 9.1 9.8 2.6 

 

Table 2 Ash fusion temperatures of coal samples 

Coal type 
Ash fusion temperatures / °C 

DT ST HT FT 

WANG 1130 1212 1260 1311 
LLI 1080 1194 1224 1266 
BLG 1314 1464 1476 1518 

ERDOS ~730 ~824 ~846 ~887 

3. Results and Discussion 

3.1 Effect of potassium carbonate addition on 
ash sintering temperature 

 
Figure 1 shows the comparisons of the ash sintering 

temperatures of the four lignites, with and without 
10wt% K2CO3 addition. From Fig. 1, except for the 
high-alkaline ERDOS ash, the ash sintering temperature 
without K2CO3 was higher than that with 10wt% 
K2CO3. Meanwhile, it is clear that, without K2CO3 
addition, the high-alumina BLG ash had the highest 
sintering temperature among the four lignite ashes, 
which was more than 1000℃, followed by high-silica 
WANG and high-sulfur LLI. The high-alkaline (Na, K) 
ERDOS ash had the lowest sintering temperature, which 

was only 480℃. The differences of ash sintering 
temperatures of the four lignites majorly were attributed 
to the differences of ash chemistry composition shown in 
Table 1. The trends of the ash sintering temperature of 
the four lignite ashes are consistent with the sequence of 
the fusibility of the four lignite ashes shown in table 2. 
Therefore, it is indicated and confirmed that the ash 
sintering temperature can be a valuable indication to ash 
fusibility [10]. It is also seen that, with 10wt% K2CO3 
addition, except for the high-alkaline ERDOS ash, the 
ash sintering temperature decreased.  

 
 

3.2 Effect of K2CO3 addition in ash 
sintering process 
 

In order to understand the effect of the K2CO3 
addition in the ash sintering processes, ash mineralogy 
and morphology were analysed. Fig. 2 presents the XRD 
patterns of ashes of BLG lignite with and without 10wt% 
K2CO3 addition. The results showed that the main 
minerals were mullite (Al6Si2O13), aluminium oxide 
(Al2O3), quartz (SiO2) and rutile (TiO2) in the BLG 
lignite ash. These minerals all had high melting 
temperature [12], which coincided with the high 
sintering temperature of BLG ash as shown in Fig. 1. 
However, when the BLG lignite was added with 10wt% 
K2CO3, mullite and quartz disappeared while a majority 
of kalsilite (KAlSiO4) and aluminium oxide as well as 
minor gehlenite (Ca2Al(AlSi)O7) and potassium 
aluminium oxide (K1.6Al11O17) were detected. The 
kalsilite was formed as a reaction product from K2CO3 
and clays [13]. These clays could be potentially 
transformed into mullite without the participation of 
K2CO3, which suggests that potassium suppressed the 
formation of refractory mullite [14]. The kalsilite and 
gehlenite are members of the feldspathoid group of 
minerals and can react with other minerals to form low 
temperature eutectics [14], leading to the decrease of the 
ash sintering temperature.  

 
Fig. 1 The ash sintering temperatures of four lignites, with and 

without 10wt% K2CO3 addition 
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Fig. 2 The XRD patterns of BLG lignite ahses with and without 10wt% 

K2CO3 addition 
 

To clarify the lignite ash sintering mechanisms 
associated with the K2CO3 addition, the BLG ash with 
or without K2CO3 were also examined using SEM-EDS 
as shown in Fig. 3. 

In Fig. 3a, a bulk of irregular particles with partial 
molten surfaces was observed from the BLG ash. The 
occurrence of molten surface indicated that some liquid 
phases had formed. Those liquid phases may act as glues 
bonding particles together for the viscous flow sintering. 
The EDS results showed that the major elements in the 
molten surface were O, Al, Si and Ca, indicating that the 
molten phases may consist of Ca-bearing 
aluminosilicates. 

Fig. 3b presents typical SEM-EDS images of ash 
particles of BLG lignite with 10wt% K2CO3 addition. It 
is seen that the particles were nearly spherical with 
molten surface. The nearly spherical particles suggest 
that the ash has melted completely. The major elements 
of the melting surface were O, Al, K and Si, indicating 
that the melting surface may be comprised of K-bearing 
aluminosilicates, which is consistent with the results 
from XRD in Fig. 2. It has been reported that K2CO3 
could facilitate the formation of low melting K-bearing 
aluminosilicates by interacting with clays in the ash [13].  

Comparing the ash molten degrees of BLG with or 
without K2CO3 addition in Fig 3, it is confirmed that the 
ash sintering of BLG with 10wt% K2CO3 was much 
severer than BLG ash. Generally, the Ca-bearing 
aluminosilicates have higher melting temperatures than 
the K-bearing aluminosilicates [14]. As a result, the 
sintering temperature of BLG was higher than BLG with 
10wt% K2CO3 as revealed in Fig. 1.  

A similar phenomenon was also observed for the 
high-silica WANG and high-sulfur LLi ashes with 
K2CO3 addition. This confirmed that the working 
mechanism of K2CO3 in the sintering process of high-
alumina BLG, high-silica WANG and high-sulfur LLi is 
that K2CO3 reacted with clays to form low melting 
temperature K-bearing aluminosilicates, leading to the 
formation of molten surface of ash particles and thus the 
lower sintering temperatures. 

However, for the ERDOS ash, due to its the lower 
fusibility and related properties, some minerals with low 
melting temperatures in the ash which may be 
transformed into glassy or amorphous matters, cannot be 

detected by XRD technique [15]. Therefore, only the 
SEM-EDS technique was applied to analyse the ash 
sintering and melting behaviour of ERDOS with and 
without 10wt% K2CO3 addition. From Fig 4a, a bulk of 
glassy grains was seen in the ERDOS ash, indicating that 
the ash has already seriously melted. However, when 
10wt% K2CO3 was added in the coal, spherical particles 
linking with some irregular particles were observed as 
shown in Fig.4b, indicating a low degree of ash melting. 
Comparing the two images in Fig.4, the extent of 
melting of the ERDOS ash was severer than that of the 
ERDOS ash with K2CO3 addition. Furthermore, from 
the analysis of EDS, it is noted that the glassy grains 
mainly composed of a large amount of fluxing Fe (Ca)-
bearing minerals in the ERDOS ash but was short of Si 
and Al elements which can potentially form some 
refractory minerals in coal ashes [16]. When K2CO3 was 
added, the major elements on the surface of spherical 
particles were 
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Fig. 3 The SEM-EDS of BLG lignite ashes produced from drop-tube 

furnace (a – without K2CO3 addition, b –with 10wt% K2CO3 addition) 
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Fig. 4 The SEM-EDS of ERDOS lignite ashes produced from drop-
tube furnace (a – without K2CO3 addition, b –with 10wt% K2CO3) 

 
K, O, Si and Al as shown in Fig. 4b, in which the 
amount of Si or Al was much higher than that in the 
ERDOS ash. As a result, the ERDOS ash had a lower 
sintering temperature than the ash of ERDOS with 
10wt% K2CO3 addition. 

Combining the results of SEM-EDS, conclusions 
can be drawn that 10wt% K2CO3 addition led to the 
formation of molten surface, mostly comprised of K-
bearing aluminosilicates as a reaction product from 
K2CO3 and clays in the tested four lignites. Those K-
bearing aluminosilicates play an important role in the ash 
sintering process but its influence on the ash sintering 
temperature depends on the nature of the lignite.  

 
 
3.3 Effect of atmosphere 

 
Fig. 5 compares the sintering temperatures of six 

lignite ash samples under the atmospheres of air and 
CO2, respectively. It is illustrated that the ash sintering 
temperatures of all lignite ashes were higher in air than 
in CO2. This is due to the different states of iron ions in 
the ashes prepared under the two different atmospheres. 
Under the oxidising air atmosphere, all the Fe (Ⅱ) was 
oxidized to Fe (Ⅲ). However, some Fe element still 
existed in the form of Fe (Ⅱ) in CO2. Fe (Ⅱ) reacted 
with other ash constitutes such as SiO2, Al2O3 and Ca-
bearing minerals to form low melting eutectics [15], 
resulting in lowered ash sintering temperatures. It was 
also found that the difference of the ash sintering 
temperatures between the ashes prepared under the two 
atmospheres was largest for the ash of ERDOS with 
10wt% K2CO3 addition. The reason for this may be due 
to the fact that the Fe element in the ash of ERDOS with 
10wt% K2CO3 was richer than the others as shown in 
Fig. 3 and Fig. 4.  

 
 

Fig. 5  The sintering temperatures of different kind of coal ashes under 
the atmosphere of air and CO2 

4 Conclusions 
 

The following conclusions can be drawn concerning 
the effect of K2CO3 addition and atmospheres on the 

sintering behaviour of the four lignite ashes: (1) For 
ashes of lignites without K2CO3 addition, the order of 
the ash sintering temperature was: high-alumina BLG > 
high-silica WANG > high-sulfur LLi > high-alkaline 
ERDOS; (2) With 10wt% K2CO3 addition, the ash 
sintering temperature of ERDOS increased but the other 
three lignite ashes decreased, because of the high content 
of alkaline elements in the ERDOS ash; (3) 10wt% 
K2CO3 addition led to the formation of molten surface 
of ash particles, which mainly consisted of K-bearing 
aluminosilicates as a reaction product from K2CO3 and 
clays. Those K-bearing aluminosilicates played an 
important role in the ash sintering process but its impact 
on the ash sintering temperature depended on the nature 
of the lignite; (4) The ash sintering temperature of all 
tested samples were higher in air than in the CO2 
atmosphere. 

 
Acknowledgements 

 
Partial financial and other support for this research 

has been received from ENN. Jiguang Zhang and Jianbo 
Li also acknowledge the partial scholarships provided by 
the China Scholarships Council and the Centre for 
Energy at The University of Western Australia. 

References 
 

[1] N. Jing, Q. Wang, L. Cheng, Z. Luo, K. Cen and D. Zhang, 
Fuel, 2013, 104, 647-655. 

[2] B. Jung and H. H. Schobert, Energ Fuel, 1991, 5, 555-561. 
[3] R. H. Matjie, Z. Li, C. R. Ward and D. French, Fuel, 2008, 87, 

857-869. 
[4] R. H. Matjie, D. French, C. R. Ward, P. C. Pistorius and Z. Li, 

Fuel Process Technol, 2011, 92, 1426-1433. 
[5] X. Wu, Z. Zhang, Y. Chen, T. Zhou, J. Fan, G. Piao, N. 

Kobayashi, S. Mori and Y. Itaya, Fuel Process Technol, 2010, 91, 
1591-1600. 

[6] J. Wang, Y. Yao, J. Cao and M. Jiang, Fuel, 2010, 89, 310-
317. 

[7] M. Jiang, J. Hu and J. Wang, Fuel, 2012. 
[8] L. Klopper, C. A. Strydom and J. R. Bunt, Journal of 

Analytical and Applied Pyrolysis, 2012, 96, 188-195. 
[9] B. Jung and H. H. Schobert, Energ Fuel, 1992, 6, 59-68. 
[10] G. W. B. A. Y. Al-Otoom, L. K. Elliott, B. J. Skrifvars, M. 

Hupa, and T. F. Wall, Energ Fuel, 2000,, 14, 227-233. 
[11] N. Jing, Q. Wang, Z. Luo and K. Cen, Fuel, 2011, 90, 2645-

2651. 
[12] N. Jing, Q. Wang, L. Cheng, Z. Luo and K. Cen, Fuel, 2013, 

103, 87-93. 
[13] G. Bruno, L. Carvani and G. Passoni, Fuel, 1986, 65, 1473-

1475. 
[14] S. K. Gupta, R. P. Gupta, G. W. Bryant and T. F. Wall, Fuel, 

1998, 77, 1195-1201. 
[15] H. Wang, P. Qiu, X. Shi, J. Zhang, Y. Chen and S. Wu, 

Energy and Fuels, 2011, 25, 3446-3455. 
[16] F. E. Huggins, D. A. Kosmack and G. P. Huffman, Fuel, 

1981, 60, 577-584. 

- 90 - 



Proceedings of the Australian Combustion Symposium 
November 6-8, 2013, The University of Western Australia 

 
 

Mathematical modelling of a hybrid solar entrained-flow gasifier 
P.J. van Eyk1, *, P.J. Ashman1 and G.J. Nathan2 

Centre for Energy Technology, Schools of 1Chemical Engineering and 2Mechanical Engineering 
The University of Adelaide, South Australia 5005, Australia  

 

Abstract 
A 1-dimensional mathematical model has been developed for a hybrid solar entrained-flow gasifier that includes the 

effects of both high intensity solar radiation (during peak sun) and oxygen blown gasification (during high cloud cover 
or at night). Calculations using this model predict that solar gasification of Illinois 6 coal during peak sun will result in 
similar coal conversions (~95%), higher H2/CO ratios (1.5 cf 0.37) and lower CO2 concentrations of the syngas (2% cf 
7% at the exit) relative to oxygen blown gasification. Due to these large differences in outlet composition, it is apparent 
that syngas storage is necessary for a coal to liquids plant with a hybrid solar/oxygen entrained-flow gasifier. 

 

Keywords: Solar, gasification, coal, model. 
 

 

1. Introduction 
Solar gasification of carbonaceous feedstocks is a 

process that makes use of concentrated solar energy to 
convert a solid fuel, such as coal or biomass, into a high-
quality synthesis gas (syngas), comprised mainly of H2 
and CO, which can then be converted via available 
processes (e.g. Fischer–Tropsch synthesis) to yield a 
high-value synthetic transport fuel. Synthetic fuels 
produced using this technology would have a much 
lower carbon footprint than conventional alternatives [1]. 
Solar gasification reactors have been under investigation 
since the 1980s. A wide range of solar reactors have 
been examined, including packed-bed [2], fluidised-bed 
[3] and entrained-flow gasifiers [4]. Recently, an 
innovative design that couples entrained flow 
gasification with direct solar irradiation has been 
proposed and experimentally demonstrated, termed the 
solar vortex reactor [4]. The technical viability of this 
windowed reactor to gasify petroleum coke (pet coke) 
has been demonstrated at atmospheric pressure at small 
scale. Furthermore, the similarity of this device to vortex 
combustors suggests that it is well suited to being 
adapted to operate as a hybrid device. In such a hybrid 
device the endothermic demand of the gasification 
process is proposed to be met by solar energy (when 
available) and/or by oxy-fuel combustion of coal when 
solar insolation is insufficient – e.g. during periods of 
high cloud cover or at night. However, the potential of 
the vortex reactor to operate successfully as a hybrid 
reactor is yet to be evaluated. Hence, there is a need for 
an evaluation of entrained-flow solar gasification with 
varying solar fluxes and oxygen flows. 

Preliminary numerical modelling of the vortex 
reactor by Z’Graggen et al. [5], has shown that the 
temperature distribution and overall carbon conversions 
within the gasifier can be predicted with reasonable 
accuracy. However, the use of pet coke as a feedstock 
avoided the need to consider several issues that become 
important for entrained-flow solar gasification of more 
common carbonaceous feedstocks, such as coal and 

biomass. The pet coke fuel used in previous 
experimental [4] and modelling [5] studies has a low 
content of both volatiles and ash, relative to most other 
fuels. Char gasification reactivities, are also expected to 
differ significantly between petroleum coke and more 
typical gasification feedstocks. Hence the gasification of 
fuels such as coal and biomass with solar energy will 
require the need to model the effects of radiation on 
devolatilisation and char reactions. This challenge is 
particularly significant in the solar vortex reactor which 
employs direct radiative heat transfer, owing to its 
extremely high fluxes, which also make it much more 
efficient than indirect heat transfer devices. Importantly, 
the heat fluxes due to direct solar radiation are 
potentially higher than those usually considered for 
radiative heat transfer in previous gasification studies. 
Additionally, it is expected that the outlet syngas 
composition will be affected by the use of solar energy 
during sunlight hours. However, the extent of these 
variations and the possible impact on the downstream 
processes is unclear. Hence there is a need to better 
understand the influence of high flux radiation on the 
gasification behavior of coal and biomass by developing 
more complete models than those established previously 
[5].  

The overall aim of this paper is therefore to develop 
a mathematical model of an entrained-flow gasifier that 
includes intense solar radiation coupled with coal 
gasification. The model is based on existing entrained-
flow gasifier models that have been developed for coal 
gasification [6]-[7], but is extended to include intense 
solar radiation. 

2. Model development 
2.1 Model Description and assumptions 

The influence of high flux radiation on the 
gasification of coal is assessed in the simplified 
environment of a 1-D entrained-flow gasifier. The 
reactor is modelled as a plug flow reactor and is shown 
schematically in Figure 1. Each slice along the reactor 
was treated as a perfectly mixed zone of particles and 

__________________________ 
* Corresponding author:  
Phone: (+61) 8 83035056 
Email: philip.vaneyk@adelaide.edu.au  - 91 - 

mailto:philip.vaneyk@adelaide.edu.au


 
 
gas. The particles were assumed to have the same axial 
velocity as the gas in each zone, and zero radial velocity. 

Solar energy is assumed to enter the reactor axially 
through a window and in the same direction as the gas 
and solid flows. The influence of particles on the 
propagation of radiation is included by utilizing the 
absorbtivity data calculated by Z’Graggen et al. for 
particles in the vortex reactor [5]. The fuel chosen for the 
study was Illinois 6 coal, the properties of which are 
given in Table I. The coal particles were assumed to be 
100µm in diameter. Due to the small particle size, the 
temperature distribution within each particle was 
assumed as uniform for any instant in time. 

A time step of 10-5 s was chosen to obtain an 
adequate convergence of the computational model 
described in Sections 2.2-2.6. 
 
 
 
 
 

Figure 1: Schematic diagram of the modelled system. 
 

Table I: Proximate and ultimate analyses of the ‘Illinois 6 coal’ 
together with the modelled composition of the coal. 

Proximate analysis  wt % Modelled composition  wt % 
Moisture 11.12 CO 12.08 
Ash 9.7 H2 0 
Volatile matter 34.99 CO2 0 
Fixed carbon 44.19 CH4 17.40 
LHV (MJ/kg) 26.15 H2O (l) 11.12 
Ultimate analysis  wt % db N2 1.26 
Carbon 71.72 C 45.77 
Hydrogen 5.06 O2 0 
Oxygen 7.75 H2S 2.67 
Nitrogen 1.41 Ash 9.7 
Sulfur 2.82 LHV (MJ/kg) 25.4 
Ash 10.91   

 

2.2 Devolatilisation 
Devolatilisation of coal was assumed to occur via 

reaction R1.  
Coal → Char (C) + Volatiles (CO + CO2 + H2 

+H2O + CH4 + N2 + H2S) (R1) 
For the ‘Illinois 6’ design coal, a model coal 

composition is used to approximate the features of the 
real fuel. Fixed carbon was approximated by solid 
carbon, while the volatile matter is assumed to be 
released as a mixture of gases CH4, CO, CO2, H2, H2O, 
N2, H2S and HCl. The quantity of each of these gases 
released as volatiles was determined by balancing the 
elements present in coal from the ultimate analysis with 
the modelled composition, by obtaining as close as 
possible model char and volatile yields as those shown in 
the proximite analysis, and by matching the model 
heating value as closely as the true value. The optimum 
modelled composition of coal is summarised in Table I.  

The rate of devolatilisation process was modeled 
using the first-order expression shown in equation 1: 
𝑑𝑉
𝑑𝑡

= 𝑘1(𝑉∗ − 𝑉) (1a) 
𝑘1 = 𝑘1,0exp�−𝐸1/𝑅𝑇𝑓� , (1b) 
where V is the volatile yield at time t, k1 is the rate 
constant, V* is the final volatile yield, Tf is the gas 
temperature, and, R is the gas constant. V* was taken as 
33.41%, based on the modelled coal composition given 

in Table I. The Arrhenius parameters in equation 1b 
(k1,0=1.14x107 s-1 and E1=74.5 kJ/mol) were taken from 
Badzioch and Hawksley [8].  
2.3 Gas-phase combustion 

In the presence of oxygen (for cases where there is 
insufficient solar radiation to heat the reactor to the 
required temperature), the combustion of combustible 
gases occurs via reactions R2-R5. 
H2 + 1

2
O2 → H2O (R2) 

CH4 + 2O2 → CO2+2H2O (R3) 
CO + 1

2
O2 → CO2 . (R4) 

Here, these reactions are assumed to occur fast 
enough, in the presence of oxygen, to be considered 
instantaneous. This assumption is justified since the 
gasification reactions occur considerably slower than the 
combustion reactions. 
2.4 Char combustion and gasification 

The unreacted-shrinking core model of Wen et al. 
[9] was used to model char combustion and gasification. 
This model considers ash layer diffusion, gas film 
diffusion and chemical reaction. The combustion of char 
in the presence of oxygen is given by R5: 
C + 1

𝜙
O2 → 2 �1 − 1

𝜙
� CO + �2

𝜙
− 1� CO2 . (R5) 

The mechanism factor, φ, is given by: 
𝜙 = �(2𝑍 + 2) − 𝑍�𝑑𝑝 − 0.005�/0.095� (𝑍 + 2)⁄  (5a) 
where 𝑍 = 2500exp(−6249/T)  and  T = �Tp + Tf� 2⁄ . 
The rate of this reaction is given by:  

𝑅5 = 𝑝𝑜24𝜋𝑟𝑝2
1

𝑘5,𝑑𝑖𝑓𝑓
+ 1
𝑘5,𝑠𝑌2

+ 1

𝑘5,𝑎𝑠ℎ�
1
𝑌−1�

 , (5b) 

where rp is the particle radius, pO2 is the partial pressure 
of oxygen in the gasifier at residence time t, k5,diff, k5,s 
and k5,ash are the surface diffusional, reaction and ash 
layer rate constants for reaction R5. Here Y is given by 
[(1 − 𝑥𝑥)/(1 − 𝑓)]1/3 , where f is the coal conversion at 
the end of the devolatilisation stage and x is the 
conversion at any time after this. The determination of 
all of these parameters is based on the work of Wen and 
Chaung [6].  

Similarly, gasification occurs via reactions R6-R9. 
C + H2O → CO + H2 (R6) 
C + CO2 → 2CO (R7) 
C + 2H2 → CH4 . (R8) 

The determination of the rates of these reactions is 
based on the work of Wen and Chaung [6]: 

𝑅6 =
�𝑝𝐻2𝑂−

𝑝𝐻2−𝑝𝐶𝑂
𝑘𝑒𝑞,6

�4𝜋𝑟𝑝2

1
𝑘6,𝑑𝑖𝑓𝑓

+ 1
𝑘6,𝑠𝑌2

+ 1

𝑘6,𝑎𝑠ℎ�
1
𝑌−1�

 (6) 

𝑅7 = 𝑝𝐶𝑂24𝜋𝑟𝑝
2

1
𝑘7,𝑑𝑖𝑓𝑓

+ 1
𝑘7,𝑠𝑌2

+ 1

𝑘7,𝑎𝑠ℎ�
1
𝑌−1�

 (7) 

𝑅8 =
�𝑝𝐻2−�

𝑝𝐶𝐻4
𝑘𝑒𝑞,8

�4𝜋𝑟𝑝2

1
𝑘8,𝑑𝑖𝑓𝑓

+ 1
𝑘8,𝑠𝑌2

+ 1

𝑘8,𝑎𝑠ℎ�
1
𝑌−1�

  , (8) 

where pH2O, pH2, pCO, pCO2, pCH4 are the partial pressures 
of steam, hydrogen, carbon monoxide, carbon dioxide 
and methane in the gasifier at residence time t, k i,diff, k i,s 
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and k i,ash are the surface diffusional, reaction and ash 
layer rate constants for reaction Ri (where i=6-9). The 
determination of all these parameters is again based on 
the work of Wen and Chaung [6]. The total rate of char 
reaction due to combustion and gasification is hence 
given by: 
�̇�𝑐 = 𝑅5 + 𝑅6 + 𝑅7 + 𝑅8 . (9) 
2.5 Other gas-phase reactions 

The homogenous gas phase reactions of importance 
to gasification are the water gas shift reaction (R10) and 
the methane reforming reaction (R11). 
CO + H2O ↔ CO2 + H2 (R10) 
CH4 + H2O ↔ CO + 3H2 . (R11) 

The rates of these reactions are given by equations 
10 and 11. For both reactions the rate constants for the 
forward reactions were taken from Jones and Linstedt 
[10] and, for the water gas shift reaction, the equilibrium 
constant, Keq,10, was determined from the Gibbs free 
energy change for reaction R10. 

𝑅10 = 𝑘10,0exp �−
𝐸10
𝑅𝑇𝑓

� 

× �[CO][H2O] − [CO2][H2]/𝐾𝑒𝑞,10� (10) 
𝑅11 = 𝑘11,0exp�−𝐸11/𝑅𝑇𝑓�([CH4][H2O]) . (11) 
2.6 Heat Transfer 

Modelling of heat transfer in the gasifier was based 
on the long furnace model used in previous studies of 
Wen and Chaung [6] and Govind and Shah [7]. The 
traditional long furnace model assumes are that no heat 
transfer occurs axially along the reactor, thus implying 
that radiant energy emitted in each slice is absorbed 
within the same slice. For this study, the traditional long 
furnace model is adapted slightly to allow solar radiation 
to pass axially along the reactor, although all other forms 
of heat were assumed to be absorbed within the gases, 
particles and walls of the individual slice. Additionally, 
all surfaces (particles and walls) are considered grey 
surfaces for radiation, and the gas phase is not regarded 
as a participating gas to radiation heat transfer. 

The coal particles undergo heating via solar 
radiation (when present), char combustion (when oxygen 
is present) as well as convective heat transfer to the 
gases and radiative heat transfer from the hot walls. The 
endothermic gasification reactions were also taken into 
account. Thus, 

𝜌𝑝𝑐𝑝,𝑝𝑉𝑝
𝑑𝑇𝑝
𝑑𝑡

= 𝑄𝑠𝑜𝑙𝑎𝑟 + 𝑄𝑐ℎ𝑎𝑟 𝑐𝑜𝑚𝑏𝑢𝑠𝑡 
−𝑄𝑔𝑎𝑠𝑖𝑓 − 𝑄𝑝𝑓 − 𝑄𝑝𝑤  , (12) 

where Tp is the particle temperature, ρp is the particle 
density, cp,p is the particle’s specific heat and Vp is the 
particle volume. The terms on the right-hand side are 
given by equations 13-17: 
𝑄𝑠𝑜𝑙𝑎𝑟 = 𝜋𝑟𝑝2𝜀𝑝𝐼𝑠𝑜𝑙(𝑒𝑥𝑥𝑝(−𝐴𝑥𝑥)) (13) 
𝑄𝑐ℎ𝑎𝑟 𝑐𝑜𝑚𝑏𝑢𝑠𝑡 = ∆𝐻5𝑅5 (14) 
𝑄𝑔𝑎𝑠𝑖𝑓 = ∆𝐻6𝑅6 + ∆𝐻7𝑅7 + ∆𝐻8𝑅8 (15) 
𝑄𝑝𝑤 = 4𝜋𝑟𝑝2𝜀𝑝𝜎�𝑇𝑝4 − 𝑇𝑤4� (16) 
𝑄𝑝𝑓 = ℎ𝑝𝑓4𝜋𝑟𝑝2�𝑇𝑝 − 𝑇𝑓 � , (17) 
where εp is the particle emissivity (assumed 0.9), A is the 
absorbtivity of the solar radiation by the particles 
(calculated as a function of particle loading based on the 

work of Z’Graggen et al [5]), Isol is the input solar flux 
(maximum of 4 MW/m2), x is the axial distance along 
the reactor, Tf is the gas temperature, Tw is the wall 
temperature (assumed to be 1700K based on Z’Graggen 
et al [4]), hpf is the convective heat transfer coefficient 
between the solid particle and the gases, 𝜎 is the Stefan-
Boltzmann constant, and ∆H i, is the enthalpy of reaction 
i (where i=5-9).  

Similarly, the components of heat transfer to the 
gases in the reactor comprise the combustion of the 
volatiles (when oxygen is present), enthalpy change due 
to the water-gas shift and methane reforming reactions 
and heat exchange of the gas with particles and the 
reactor walls. Thus, 

𝜌𝑓𝑐𝑝,𝑓𝑉𝑓
𝑑𝑇𝑓
𝑑𝑡

= 𝑄𝑣𝑜𝑙 𝑐𝑜𝑚𝑏𝑢𝑠𝑡 + 𝑄𝑤𝑔𝑠 − 𝑄𝑚𝑟  
+𝑁.𝑄𝑝𝑓 − 𝑄𝑓𝑤 (18) 

𝑄𝑣𝑜𝑙 𝑐𝑜𝑚𝑏𝑢𝑠𝑡 = ∆𝐻𝑣𝑜𝑙 𝑐𝑜𝑚𝑏𝑢𝑠𝑡�̇�𝑣𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑  (19) 
𝑄𝑤𝑔𝑠 = ∆𝐻𝑤𝑔𝑠𝑅8𝑉𝑓 (20) 
𝑄𝑚𝑟 = ∆𝐻𝑚𝑟𝑅9𝑉𝑓 (21) 
𝑄𝑓𝑤 = ℎ𝑓𝑤𝐴𝑤�𝑇𝑓 − 𝑇𝑤 �  , (22) 
where εw is the wall emissivity (assumed 0.78), ρf is the 
gas density, cp,f is the gas specific heat, Vf is the volume 
of the gases in the modelled region, N is the number of 
particles within the modelled region, Aw is the surface 
area of the wall within the modelled region, hfw is the 
convective heat transfer coefficient between the gases 
and the reactor wall, �̇�𝑣𝑜𝑙 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑is the rate of mass loss 
of volatiles at time t, ∆𝐻𝑣𝑜𝑙 𝑐𝑜𝑚𝑏𝑢𝑠𝑡  is the enthalpy of 
combustion of the volatiles and ∆H i, is the enthalpy 
change of reaction i (where i=10-11).  

Drying of coal particles in the gasifier was assumed 
to be limited by heat transfer to the particle. The particle 
was assumed to heat up to 373K by heat from walls, hot 
gases and solar radiation (if available), after which 
moisture is evaporated at a rate dependent on the particle 
heating rate. While the particle moisture content is 
greater than zero, the moisture loss model, is given by: 
�̇�𝐻2𝑂 = −𝑄𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒/∆𝐻𝑒𝑣𝑎𝑝 , (23) 
where, �̇�𝐻2𝑂 is the rate of mass loss of moisture from 
the particle at time t, ∆𝐻𝑒𝑣𝑎𝑝  is the enthalpy of 
evaporation of water and 𝑄𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  is the total heating 
rate of the particle at a given time. 

3. Results 
Typical results obtained from the model are shown 

in Figures 2-5 for the two cases of (i) fully autothermal 
gasification (ie. Qsolar = 0, Oxygen/Fuel (O/F) = 0.9 and 
Steam/Fuel (S/F) = 0.1), and, (ii) fully solar gasification 
for Qsolar = 4 MW/m2 (O/F = 0, S/F = 1). Figure 2 shows 
the temperature of the gas and solid particles for the 
autothermal case. Both gas and particle temperatures 
quickly reach their respective peak within less than 
100ms of the inlet of the reactor, primarily due to the 
combustion of volatiles. Figure 3 shows that during this 
initial 100ms the CO2 and H2O concentrations increase 
due to the presence of oxygen, and then decrease slowly 
to about a quarter of their initial value as they are 
consumed by the gasification reactions. During the 
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reactions, the concentrations of both H2 and CO increase 
monotonically, and do not stabilize within the residence 
time of the reactor. At the exit of the reactor (4s) the coal 
conversion is ~95% and the H2/CO ratio is 0.37. The 
total residence time utilised in this study is similar to that 
of industrial scale entrained flow gasifiers which are 
typically 0.5-4 s [11].  

Figure 4 shows the temperature of the gas and solid 
particles for the solar case. Both gas and particle 
temperatures reach their respective peaks within 400ms 
of the inlet of the reactor, due to the solar radiation. 
Figure 5 shows that, during the initial 200ms, the CH4 
concentration is substantial due to the absence of 
oxygen. However, after this time the CH4 is consumed 
by the methane reforming reaction (R11). At the exit of 
the reactor the coal conversion is ~95% and the H2/CO 
ratio is 1.5. The CO2 concentration of the syngas is also 
quite low compared with the autothermal case (2% vs 
7% at the exit). For a hybrid process, these large 
differences in gas compositions represents a challenge, 
since the commercially available processes to convert 
syngas to liquid fuels require a consistent feed and 
composition of syngas. Hence, syngas storage will be 
required for a plant operating with a hybrid solar/oxygen 
entrained-flow gasifier to counteract this problem, as 
suggested by Kaniyal et al. [12].  

 
Figure 2: Temperature and coal conversion profiles plotted against 

residence time for O/F=0.9, S/F=0.1, 0 MW/m2 input solar. 

 
Figure 3: Gas composition profiles plotted against residence time along 

the reactor for O/F=0.9, S/F=0.1, 0 MW/m2 input solar.  

 
Figure 4: Temperature and coal conversion profiles plotted against 

residence time for O/F=0.0, S/F=1.0, 4 MW/m2 input solar. 

 
Figure 5: Gas composition profiles plotted against residence time along 

the reactor for O/F=0.0, S/F=1.0, 4 MW/m2 input solar. 

4. Conclusions 
A mathematical model of a hybrid solar entrained-

flow gasifier is presented. Calculations using this model 
predict that solar gasification of Illinois 6 coal during 
peak sun will result in similar coal conversions (~95%) 
and higher H2/CO ratios (1.5 cf 0.37) relative to 
autothermal gasification. The CO2 concentration of the 
syngas is also quite low compared to the autothermal 
case (2% cf 7% at the exit). Due to these large 
differences in outlet composition, it is apparent that 
syngas storage will be necessary for a coal to liquids 
plant with a hybrid solar/oxygen entrained-flow gasifier. 
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Abstract 
Primary soot particle sizing by time-resolved laser-induced incandescence (TR-LII) imaging in a flat, laminar sooty C2H4/air 

flame is demonstrated in the present work. The primary soot size is determined by fitting the LII signals recorded by four subsequent 
images to the theoretical LII temporal decays relationship. A low laser power was chosen, to induce weak soot particle sublimations, 
in a laminar premixed sooty flame. A mean size of 13 nm was measured for the primary particles. This, and the size distributions of 
soot particles, is in good agreement with the time-resolved single-point-measurements and by sampling methods.  

Keywords: soot, time-resolved, laser-induce incandescence, soot particle size, sooty flame 
 

 

1. Introduction 
Soot particles have a significant impact on the 

climate change and on human health, providing strong 
motivation to mitigate them. A recent study showed that 
the contribution of soot to global warming is much higher 
than initially estimated [1]. To understand the soot 
formation process and then perform reliable predication 
of soot particles in industrial furnaces, boilers and 
engines, accurate experimental data are required in well 
characterized ‘target’ flames suitable for model 
validation. Various nonintrusive laser-based techniques 
are applied in sooty flames to measure important 
parameters, for example, flame temperature by two-line 
laser-induced atomic fluorescence (TLAF), soot volume 
fraction and primary particle sizing by laser-induced 
incandescence (LII), soot aggregated sizes by wide angle 
light scattering [2]. Compared with particle-free flames, 
measurements using optical methods in sooty flames are 
more challenging, due to the presence of solid particles 
and high radiation [3], especially for planar 
measurements which are desirable in turbulent 
environments due to the additional spatial information 
they provide. Only the measurement of soot volume 
fraction using LII has been relatively well-developed. 
Optical methods for measuring the flame temperature, 
mixture fraction and soot particle (primary and 
aggregated) size are still highly under development. In 
particular, planar technique for the measurement of soot 
particle size has been rarely demonstrated. 

The radius of primary soot particles (rp) in flames 
has been widely measured in laminar flames by time-
resolved LII (TR-LII) and two-color time-resolved LII 
(TC-TR-LII), but only on single-point. The only 
technique previously applied to turbulent conditions is 
the so-called ‘RAYLIX’ method [4], which 
simultaneously employs simultaneous LII and 
Rayleigh/Mie scattering. The value of the particle radius, 

rp, is derived based on the assumption that LII signal 
scales closely with rp

3 while the scattering signal scales 
closely with rp

6. In RAYLIX, the soot particles are 
assumed to be isolated and the scattering behaviour of 
soot aggregates is completely neglected, which is a 
questionable assumption [5]. Hence the aim of the present 
investigation is to extend TR-LII form single-point-
measurement to two-dimensional (2D) imaging, to allow 
soot sizing to be performed on a planar sheet especially in 
turbulent sooty flames. 

In LII, soot particles are heated by a short laser pulse 
with high radiation flux to a temperature far higher than 
the surrounding gases. Consequently, the near-blackbody 
radiation they emit is at a shorter wavelength than the 
background, generating a distinct incandescence signal 
that is proportional to the volume fraction of soot in the 
flame. Since large soot particles cool more slowly than 
small ones, the temporal history of the signal decay 
(normally in hundreds of nanoseconds) can be used to 
indicate soot particle size. Combining the measured 
temporal evolution of an LII signal and the theoretical 
thermal behavior of heated soot, the size of the primary 
particles can be derived. However, the accuracy of the 
measurements depends on the resolution of the temporal 
decay of the signal. This makes the measurement much 
more challenging in 2D as compared to the single-point 
method, due to the relatively low sensitivity of the 
imaging sensors (normally, intensified CCD cameras) and 
to the limited number of images that can be used to 
record the decay of a given pixel. 

To attempt to meet this challenge, an ultra high speed 
camera system was employed to achieve time resolution 
in the order of nanoseconds, as is required to achieve TR-
LII in 2D. This is combined with a model of the 
theoretical LII signal decay to allow a measurement to be 
performed from four images. The specified aims of the 
investigation are therefore to select the most suitable laser 
power for these 2D TR-LII measurements and to assess 
its accuracy in a well-characterised laminar flame. 
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2. Methodology 

2.1 The LII model 

Various LII models have been developed by different 
research groups. Schulz et al. summarized these models 
in a review paper [6]. All of these models solve the mass- 
and energy-balance equations for temperature and 
primary particle size, but adopt different approximation 
schemes for thermal conduction and different expressions 
for parameters such as the refractive index, E(m), and the 
thermal accommodation coefficient, α. In the present 
work, the model developed by Bladh et al. [7] is used to 
simulate the LII signals, providing a database with which 
to calculate particle size. This LII model has taken into 
the effect of soot aggregates and is being developed to 
include the fractional structure of the aggregates. Briefly, 
in the LII model by Bladh, the energy balance equation is 
written as 

abs cond sub rad intQ Q Q Q Q− − − =      , (1) 

where Q  expresses the rate of change of a particle’s 
energy generated respectively by absorbing laser power, 
by heat conduction, by sublimation, by radiation and the 
internal energy. The detailed expression and the related 
physical explanations for each term in equation (1) can be 
found elsewhere [7]. 

In the present work, soot aggregates are assumed to 
be composed of 100 primary particles, i.e., 100 primary 
particles per aggregate. Fuchs heat conduction model [8, 
9] is used to handle the heat transfer from soot particles to 
surrounding gases, in which a soot aggregate is treated as 
an equivalent sphere. In simulation of the LII signals, a 
Log-normal function with a standard deviation of 0.2 is 
applied to characterize the size distribution for each mean 
particle diameter (dp). The LII signal decay is a function 
of the ambient temperature. However, a constant 
temperature of 1700 K is assumed to simulate the LII 
signals. The LII model code is written using the 
MATLAB software. The intensity ratios of the LII 
signals from four cameras with a fixed delayed has direct 
relations to dp. The modeling signal ratios are built in a 
look-up table to be used for fitting the measured ratios of 
LII signals to derive the value of dp. 

2.2 Determine particle size by LII signal decay 
Two simulated LII signal decays of soot particles 

with different diameters are shown in Fig. 1. In contrast 
to TR-LII measurements obtained with single-point 
detectors, in the 2D TR-LII a series of two or more 
images are recorded  after the laser pulse (as Si shown in 
Fig. 1) at different delay times. Hence the local decay 
curve can be calculated for each pixel, τ(x, y), notably by 
fitting a pure exponential function to each series of LII 
signal intensities Si(x, y), where i = 1 to 4. However, the 
present investigation found that, because of the limited 
number of subsequent images, the approach of 
exponential fitting did not work well for some of the 
pixels. Alternatively, the ratio between two successive 
time-integrated LII signals are adopted to estimate the 
soot particle size, following earlier work [10]. As is also 

shown in Fig. 1, the ratios of S2/S1, S3/S1 and S4/S1 were 
fit to the modeling results to generate three values for the 
measured particle size. The mean value of these three 
values has been chosen to provide the final measure of 
the mean size of soot particles for each pixel.  

The LII signal decay is a function not only of the 
particle size, but also of the initial temperature of 
particles to which particles are heated by the laser (and 
hence of the laser power). The particle initial temperature 
is typically used as an input parameter in soot sizing 
using TR-LII. Therefore, accurate determination of the 
particle temperature immediately or at a delay time after 
the laser pulse is essential in TR-LII for particle sizing. 
Two- or three- color pyrometry is typically employed in 
LII to determine the initial particle temperature. 
However, in the current work it was found that low 
accuracy was achieved for 2D pyrometry using the two 
band-pass filters centered at 430 nm and 525 nm, as 
shown later from Fig. 2b. Therefore, although it is 
generally agreed that a relative weak laser power should 
be applied to avoid soot sublimation in single-point LII 
[6], here a laser power that weakly induced soot 
sublimations was chosen to heat soot particles to their 
maximum temperature of around 4400 K [11].  

3. Experimental arrangement 
The fundamental output (1064 nm) from a Nd:YAG 

laser (Surlite II, Continuum) provided the laser source in 
LII measurements. The laser beam was firstly expanded 
by a telescope system (1:2) and the central portion (about 
half in diameter) was selected by an aperture to heat the 
soot particles. The round laser beam was reformed into a 
laser sheet by two cylinder lenses before being sent into 
the flame. The laser sheet in the imaged region is about ~ 
15 mm in height and ~ 0.9 mm in thickness. The laser 
power was varied by a Glan-laser polarizer while 
maintaining the spatial and temporal profiles of the laser 
beam. 

The LII signals were recorded by an ultra high speed 
camera (HSFC pro). LII signals were firstly split by an 
image splitter unit and then taken by four intensified 

 
Figure 1 Schematic of time-resolved LII to determine the size of soot 
particles. The decay history of the heated soot particles can be 
reconstructed by consequently images. Emissions from soot particles of 
different sizes results in different ratios of S2/S1, S3/S1 and S4/S1. The 
soot particle sizes are fit from the comparisons between the measured 
values (i.e., S2/S1, S3/S1 and S4/S1) with the modeling results. 
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CCD camera modules. The four images can be taken 
simultaneously or subsequently, controlled in nanosecond 
scale by the timing system of the camera. The HSFC 
camera and the laser were synchronized by using a digital 
delay/pulse generator (Stanford, DG535). Different 
optical filters can be put in front of each individual 
camera. The laser power used (see section 4.1 for more 
details), the camera timing and the filters used are 
summarized in Table 1. In order to obtain a 2D soot 
sizing in a flat laminar flame (section 4.2), the four 
cameras are delayed at 0, 80, 160 and 240 ns relative to 
the starting time of the laser pulse. A band pass filter (510 
- 590 nm) and an integration time of 30 ns were applied 
to all four cameras. 

A water-cooled McKenna-type burner was used to 
produce a flat, laminar premixed C2H4/air sooty flame 
with an equivalence ratio of 2.0. The diameter of the 
central porous part is 30 mm. A steel plate of 20 mm 
thickness was positioned at 20 mm above the burner 
surface to stabilize the flame and prevent any flickering. 
No shielding co-flow was used. 

4. Results and Discussion 

4.1 Selection of the laser power 
To select the optimum laser power, the dependences 

on the laser power of (1) LII signal intensity, (2) the 
initial temperature of particles and (3) the ratio of LII 
signals at two different delays on the laser power were 
investigated in a laminar C2H4/air (φ = 2.0) stabilized on 
a McKenna-type burner. Three cameras of the HSFC pro 
system were used and the experimental conditions are 
summarized in Table 1. 

Figure 2 shows the results based on the statistics of 
100 instantaneous images. All results were analyzed for 
an image area of 9.5 × 0.6 mm2 (width × height, 
corresponding to 100 × 6 pixels2) at a height of about 14 
mm above the burner surface. As shown in Fig. 2a, the 
maximum of LII signal (from camera 3) appeared at the 
laser power of 0.10 – 0.15 J/cm2, above which the 
sublimation effect of soot particles resulted in weaker 
signals. A consistent trend is found in Fig. 2b. With 
increasing laser power below the peak (< 0.10 J/cm2), the 
radiation of heated soot particles is blue-shifted due to the 
higher temperature. Above ~ 0.13 J/cm2, the ratio of LII 
signals in the two spectral ranges (cameras 1 and 3) 
behaved consistently, which indicates that the soot 
particles consistently reach the maximum achievable 
temperature, around 4400 K. Meanwhile, the LII signal 

ratio between the two delay times (0 ns and 120 ns, i.e., 
the signals from cameras 2 and 3) also approaches a 
constant value, as shown in Fig. 2c. This also indicates 
that the temperature of the heated soot particles is 
constant and that the particle size is not reduced 
significantly by the sublimation effect within the power 
range of 0.13 J/cm2 to 0.35 J/cm2. It should be noted that 
the sublimation effect influences the magnitude of the LII 
signals more strongly (Fig. 2a) than the soot particles’ 
sizes (Fig. 2c). This can be explained by the fact that LII 
signals are proximately proportional to the cube of soot 
particles’ sizes. Moreover, the large error bars in Fig. 2b 
indicate that there is a large uncertainty in determining 
soot temperatures using single-shot two-color pyrometry 
in 2D when using the current set of optical filters and 
even when averaging over an area of 100 × 6 pixels2. 
Nevertheless, two-color TR-LII can still be attractive for 

  

(a) 

 

(b) 

   

(c) 

Figure 2 (a) the measured (solid circles) and modeled (dark dots) LII 
signal intensity, (b) the LII signal ratio between the two spectral ranges 
and (c) the LII signal ratio between two different delays as a function 
of the laser power. All results are from the statistics of 100 
instantaneous images. The error bars are the standard deviation of these 
100 images. 

Table 2. Summary of optical filters and timing used for the HSFC Pro 
for the assessment of the influence of laser power. 

Camera 
Optical filters* 

(center/ 
bandwidth) 

Time delay 
(ns)** 

Integration 
time (ns) 

1 430 nm / 60 nm 0 20 

2 525 nm / 80 nm 100 40 

3 525 nm / 80 nm 0 20 
 

* With a near-Gaussian profile transmission. 
** Relative to the start time of the laser pulse 
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soot sizing if more suitable filters are used, for example, 
using filters centered at around 400 nm and 780 nm [12]. 

Therefore, a laser power of 0.13 J/cm2 was chosen to 
image soot particle size for the rest of the experiments. 
Using this power, soot particles are weakly sublimated, 
while ensuring the heating of soot particles to ~ 4400 K, 
and hence minimizing the influence of unstable laser 
power on LII signals. It should be noted that in large 
turbulent flames the laser power is typically operated in 
the plateau region to avoid the influence of the 
attenuation of laser power induced by soot particles.  

The dependence of the intensity of LII signals 
intensity on the laser power was also simulated with the 
model. By comparing the simulated and the measured 
curves as shown in Fig. 2a, a power of 0.20 J/cm2 was 
chosen to simulate the signal decay curves as a function 
of the particle size, as in modeling soot particles are also 
weakly sublimated at this laser power. 

4.2. 2D particle sizing in the laminar flame 
A typical instantaneous LII image, together with the 

corresponding image of the size of primary soot particles, 
is shown in Fig. 3a and b, respectively, measured in the 
laminar flame. With an increase of in the height above the 
burner surface, the LII signal intensity (and hence the 
soot volume fraction) increased (Fig. 3a). The reason for 
the slight asymmetry in the LII image is unclear. The 
corresponding particle distribution, however, was much 
more homogenous as shown in Fig. 3b; only in the 
upstream (low position in Fig. 3b), the mean size of 
primary soot particle is relative small. The soot size 
measured here is in agreement with the observations by 
2C-LII and transmission electron microscopy (TEM) 

[13]. Near to the surface of the steel stabilizer, a layer of 
the relative large particle sizes is found at the top of 
image in Fig. 3b, for which the explanation is still 
unresolved. The soot number density also increased with 
the height, which is a conclusion obtained by combining 
Fig. 3a and Fig. 3b. 

Figure 3c shows the histogram of the measured 
values of dp from across the entire image shown in Fig. 
3b. A peak value of 13 nm as well as a mean value of 
16.2 nm is obtained from the whole image in Fig. 3b. 
Worth noting, that an LII signal tends to be dominated by 
the large particles, which means that the small soot 
particles are underestimated using a TR-LII method. 
Moreover, from modeling LII signals it was found that 
the LII signal decay is only weakly sensitive to particle 
sizes above 50 nm, due to their relative small surface-to-
volume ratio. Therefore, the uncertainty in the 
measurements obtained by TR-LII becomes larger for 
particles larger than 50 nm.  

5. Conclusions 
The planar measurement of the size of primary soot 

particles has been demonstrated using TR-LII in a 
laminar flat sooty flame, burning C2H4/air in a 
McKenna-type burner. The measurement is obtained 
from the average of three ratios, each of which was 
obtained from two successive LII images, separated by 
time-steps of tens of nanoseconds, requiring a total of 4 
ICCD cameras. These ratios are used to determine the 
size of primary soot particles from a model of the LII 
decay curve, assuming a constant initial particle 
temperature. The optimum laser power was determined 
from the time-history of the LII signal intensity, the LII 
signal ratio between two spectral ranges and the LII 
signal ratio at two delay times. The image of soot particle 
size distribution in the McKenna-type burner was found 
to be in good agreement with published data obtained 
from single-point LII and TEM. 

The accuracy of soot particles sizing using planar 
TR-LII depends particularly on the accuracy of the LII 
model used to simulate the signal decay, as is the case for 
single-point measurements. Similarly, the aggregation of 
soot particles is challenging to handle in all LII models, 
which results in significant uncertainty in primary soot 
particle sizing when using TR-LII. This suggests that a 
combination of TR-LII and elastic scattering techniques 
can be helpful to characterize soot particles size. 
Moreover, as expected, the LII decay curve also depends 
on the temperature of the surrounding gas phase media. 
Therefore, simultaneous TR-LII and a 2D thermometry 
(e.g. TLAF using Indium) will potentially improve the 
accuracy of TR-LII. 
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Figure 3 A typical instantaneous LII image (a) and its related image of 
soot particle sizes (b). The histogram of image (b) is shown in (c). 
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Abstract 
Two dimensional measurements of the size of primary soot particles (dp) is demonstrated in a turbulent flame, building on Part I of 

this paper [Single-shot, time-resolved planar laser-induced incandescence (TR-LII) for soot particle sizing – Part I: in a laminar 
flame]. The measurements were performed in a C2H4/air premixed, turbulent sooty flame, with the aim of demonstrating the potential 
of measuring the size of primary soot particles in a turbulent flame with planar TR-LII. Instantaneous planar measurements of dp have 
been performed at different height of the sooty flame and sample images are presented in the present work. Both statistical data and 
joint statistical measurements are calculated from these images at various locations, to reveal the relationship between dp and soot 
volume fraction together with that between dp and particle number density.  

Keywords: soot, time-resolved, laser-induce incandescence, soot particle size, turbulent sooty flame 
 

 

1. Introduction 
Soot particles comprise aggregates of small, primary 

particles, the size of which depend on the chemical 
history of the soot. The measurement of this parameter is 
therefore important both to enable the advancement of 
understanding of the evolution of soot in a range of 
relevant environments and also the development and 
validation of predictive models. In turbulent flames, it is 
also highly desirable that such measurements be 
performed simultaneously in multiple dimensions. This is 
because turbulent flames are unsteady and because of the 
highly non-uniform distribution of soot within them, 
which is typically found in thin sheets. This contrasts 
laminar flames, whose steady nature means that single 
point measurements are sufficient. In addition, the highly 
unsteady and non-uniform properties of turbulent flames 
hinders the application of sampling techniques such as 
scattering electron microscopy (SEM) and transmission 
election microscopy (TEM) that are used in laminar 
flames to characterize soot size and morphology [1] (and 
references therein). The first approach capable of planar 
measurement of the primary size of soot particles (dp) has 
been presented in Part I of this paper using time-resolved 
planar laser-induced incandescence (TR-LII) [2]. 
However, that investigation only assessed the method in a 
laminar (premixed flame) environment. Hence there is a 
need to assess the suitability of the method in a turbulent 
flame. The present investigation aims to meet this need. 
In spite of the growing number of measurements of soot 
volume fraction have been performed in turbulent flames 
[3-7], few measurements have been reported of soot 
particle size in turbulent flames. Of these, the RAYLIX 
method developed by Bockhorn and co-workers [6] is 
perhaps the best known. However, this technique does 
not the measure the primary size of soot particles and, in 
addition, its measurement uncertainty is unknown. Of 

particular interest are measurements of joint statistics, 
such as of dp and soot volume fraction (SVF) or of dp and 
soot number density (N). To the best of our knowledge, 
no well resolved measurements of these parameters have 
been reported previously in turbulent flames. Hence the 
aim of the present work is to provide new insight into the 
distribution of dp within a turbulent flame by 
measurements of these statistics. 

2. Experimental arrangement 
The detailed descriptions of the process of deriving 

dp from four successive images separated by time-steps 
of order 10 nanoseconds can be found in Part I [2]. The 
optical arrangement was also the same, with a laser 

 
Figure 1. LII images averaged from 300 single-shot measurements at 
each height. Image intensities are shown by an arbitrary unit, which is 
the direct readout from the camera. __________________________ 
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power of 0.13 J/cm2 used in all measurements. The value 
of dp was calculated from a model of the TR-LII signal at 
each pixel, which requires the temperature of the 
surrounding gas phase there. While future work will use a 
simultaneous measurement by two-line atomic 
fluorescence TLAF [8] to determine these values, for the 
present case the gas-phase temperature is assumed to be 
constant everywhere at 1700 K. Under this assumption, 
an uncertainty of ± 200 K of the assumed flame 
temperature (i.e., 1700 K) can result in an uncertainty of 
± 3 nm for dp = 15 nm or ± 5 nm for dp = 40 nm, which 
are theoretically estimated using the LII model. The 
present measurement is also obtained from the ratio of 
two steps in the time-resolved LII signal decay. To 
reduce the uncertainty of this measurement, three 
simultaneous measurements of this value are obtained at 
each point using four images, each recording different 
stages of the time-resolved LII signal decay. The true 
value is taken the mean of these three simultaneous 
measurements, while the uncertainty is determined from 
their RMS.  

Measurements were performed in a diffusion 
atmospheric-pressure C2H4/air jet flame issuing from a 
pipe (inner diameter d = 5.0 mm, outer diameter D = 6.7 
mm). The flow rate of C2H4 was kept at 9.0 standard 
litres (Ls)/min while that of air was kept at 8.0 Ls/min for 
the air stream, resulting in a fuel equivalence ratio (φ) of 
12.7 and a jet exit Reynolds number of 4500. The pipe 
was traversed vertically through the optics to allow 
measurement at five different heights from x/d = 12 to 56, 
where x is the flame height above the burner exit. The 
relative soot volume fractions at the five testing heights 
were characterized by the intensity of LII intensity 
averaged from 300 images, as shown in Fig. 1 1 . The 
lowest height at which soot particles are detected is in the 
range 12 < x/d < 16, whereas strong signal is detected in 
the range 52 < x/d < 56. In the upper region, strong LII 
signals are found in he central region of the jet flame, i.e., 
r/d = 0, where r is the radial distance from the jet central 
axis. 

3. Results 

3.1 Instantaneous size images 
Figures 2 and 3 present a triplet of instantaneous 

images, comprising the LII  measurement of relative soot 
volume fraction, the corresponding measurement of dp 
and the root mean square (RMS) of the dp measurement 
at the heights of 22 < x/d  < 26 and 52 < x/d  < 56, 
respectively. Spontaneous thermal emission from soot 
particles was also found in the raw images of LII signals 
(i.e., Figs. 2a and 3a). These spontaneous incandescent 
signals cause weak interferences to LII signals. 
Therefore, a threshold of 6% of the maximum value on 

1 It is well acknowledged that the intensity of LII signals is 
proportional to the soot volume fraction, which is described as 
S(LII) = c∙SVF, where c is a scaling factor. However, in 
experiments here, the factor c was not determined through a 
calibration process. Therefore, the LII images only, but still can, 
represent the relative SVF in the present work. 

each individual LII image was set to ensure that the size 
derivation process was only performed in the regions 
with high signal-to-noise ratios (S/N) of LII signals. 
Several important observations can be made. First is the 
clear trend that dp increases with the flame height (x/d) 
(Figs. 2b and 3b). This reveals the growth process of 
primary soot particles, which is expected. Also, the 
RMSs of the instantaneous measurements, as shown in 
Figs. 2c and 3c, are mostly low, providing confidence in 
the measurement. The few locations of relatively high 
RMS is found at the edge of soot sheets, which is mostly 
due to the low intensities of LII signal there. 

Next we turn to the relative distributions of dp 
(central image) and soot volume fraction, SVF, (upper 
image). It is readily apparent that there is poor correlation 
between these two parameters. While SFV tends to peak 
near to the middle of a given soot sheet, there are several 
locations at which dp tends to grow with distance through 
the sheet, while in others dp tends to be larger in thicker 

 
Figure 2. Instantaneous images of (a) LII raw signals, (b) the size of 
primary particles and (c) the corresponding root mean square (RMS) of 
the primary particle size measurement at 22 < x/d <26. 

 
Figure 3. Instantaneous images of (a) LII raw signals, (b) the size of 
primary soot particles and (c) the corresponding root mean square 
(RMS) of the primary particle size measurement at 52 < x/d < 56. 
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sheets. These observations, although preliminary, 
highlight the importance of 2D measurements, since such 
information could not be obtained from single-point 
measurements. 

3.2 Statistical results  

Figure 4 presents triplets of statistical measurements 
obtained at five values of x/d. All statistics were obtained 
from all non-zero pixels in each of 10 instantaneous 
images at each height. The left image in each triplet is the 
probability distribution of dp, the central image is joint 
probability of dp and SVF, while the RH image is the 
joint probability of dp and soot number density, N. It 
should be noted that N was derived by the formula of SVF 
= N∙(dp)3, by which relative SVFs can only result in the 
relative number density.  

The probability distributions of dp in Fig. 4 (left 
column) show that both the mean and peak values of dp 
increase with the flame height, x/d. This is consistent with 
the growth of primary soot particles with flame 
propagation. The shape of joint probability of dp and SVF 
(middle column) does not change dramatically with x/d, 
although the magnitude does, especially between x/d = 14 
and 24 in the upstream region of the flame. Likewise, the 
joint probability of dp and N exhibits similar shapes 

throughout the flame. It should be noted that the trends in 
absolute values of the probability peaks should be treated 
with caution in the present data due to the use of different 
ND filters in the LII measurements. Despite the value of 
the statistical measurements shown in Fig. 4, it is worth 
noting that the same data could also be obtained from 
single-point measurements. Importantly the relatively 
small differences in the shape of these statistics with 
position in the flame highlights the limited value of single 
point statistics in comparison with the greater information 
that could be obtained in the planar images shown in 
Figs. 2 and 3.  

Figure 5 presents the equivalent statistical 
measurements as a function of r/d. These statistics were 
calculated from all non-zero pixels in 10 instantaneous 
images at the flame heights between x/d = 32 and 36. The 
distributions of dp (left hand images) reveal an initial 
increase in dp with r/d, followed by a rapid reduction in 
dp with further increases in r/d, consistent with increased 
oxidation in the outer region of the flame. The maximum 
value of dp is found at r/d ∼ 2. This trend is consistent 
with that of the soot volume fraction, SVF, as shown in 
Fig. 1. At r/d = 4, near to the flame edge, only very small 
primary soot particles survive due to the oxidation of the 
fuel by the entrained ambient air. . 

Because the results shown in Fig. 5 were measured 
with the same optical arrangement, the joint statistics at 
each r/d can be directly compared with each other (even 
though both SVF and N are relative measurements). Also 
worth noting is that both SVF and N are shown with the 
same colour scale for all locations. Since the soot number 
density and the number density are correlated with each 
other through the size of primary soot particles, which is 
expressed as SVF = N∙(dp)3, the following discussions are 
only focused on the joint statistic of dp and N. 

Near to the axis, r/d = 0, the size distribution is quite 
wide and the vast majority of primary particles have a 
diameter less than 20 nm. While the shape of the 
distribution does not change, the distribution shifts to 
significantly larger particles, with the majority of primary 
particles smaller than 40 nm at r/d = 2, while the number 
density of the small particles decreases. At r/d = 2, the 
joint statistics also show that the particles larger than 20 
nm are dominant in these regions. However, the trend 
changes dramatically for r/d > 2. At r/d = 3, the large 
particles have become much less prevalent, while at r/d = 
4, the size distribution is almost a delta function, 
comprising entirely small particles. Statistically, the 
maximum value of the number density, N, does not 
change greatly from r/d = 0 to 4, as shown in Fig. 5. This 
is consistent with the soot nucleation process [9] not 
being significant at any radial distance at this flame 
height. 

4. Conclusions  
The planar measurement of the size of primary soot 

particles, dp, using TR-LII has been demonstrated to 
perform with similar efficacy in a turbulent flame as in a 
laminar flame. In particular, the RMS of the three 
independent measurements of soot diameter, performed 
simultaneously with the four cameras, was typically less 

 
Figure 4. (from left to right) the probability distribution of the soot 
particle size, (dp), joint statistics of soot volume fraction (SVF) and 
soot number density (N) conditioned on local size of primary soot 
particle at the five heights (x/d) investigated. 
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than 10%, giving confidence in the reliability of the 
measurement, while the magnitude of the measured 
values and the key trends were broadly as expected. At 
the same time, visual inspection of the instantaneous 
images suggests that dp is weakly correlated with soot 
volume fraction, SFV, within a given soot sheet, but may 
correlate better with other parameters, such as soot sheet 
thickness or distance from the oxidizing part of the sheet. 
This highlights the potential advantages of planar 
measurement over single-point techniques in a turbulent 
flame.  

The preliminary analysis from a limited sample also 
reveals some interesting trends. In particular, dp is found 
both to increase with axial distance over the range 14 < 
x/d < 52 and to first increase slightly with radial distance 
over the range 0 < r/d  < 2, but then to decrease 
dramatically toward the edge of the flame in the range 2 
< r/d < 4. The distribution of dp is smaller at the base of 
the flame and increases with height. With variation in r/d 
it is found that the distribution of dp first increases and 
then narrows greatly with the dramatic reduction in dp 
toward the outer edge of the flame. The shape of the joint 
statistics, which were calculated over a relatively large 
spatial region here, also change more dramatically toward 
the outer edge of the flame than with axial extent. These 
trends are consistent with known trends in laminar 
flames, in which dp increases with residence time in 
reducing environments and decreases through oxidizing 
environments, highlighting the importance of the 
measurement. 

Future work will seek both to apply planar TR-LII to 
well characterized turbulent sooting flames [10] and to 
extend the diagnostic capability. In particular, the 
potential to combine elastic scattering techniques with 

TR-LII will be evaluated, with a view to providing 
information on aggregates of primary soot particles.  
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Figure 5. (from upper to lower) the probability distribution of the soot particle size, (dp), joint statistics of soot volume fraction (SVF) and 
soot number density (N) conditioned on local soot particle size as a function of r/d. The statistics are performed at the height of x/d = 32 - 
36. SVF and N are shown in the same scales in the joint statistics, respectively, and can be compared among the five radial distances. 

- 103 - 

http://www.adelaide.edu.au/cet/isfworkshop/


Proceedings of the Australian Combustion Symposium 
November 6-8, 2013, The University of Western Australia 

 
 

Simultaneous Measurements of Temperature and Soot Volume 
Fraction in Turbulent Diffusion Flames 

 
*S. Mahmoud a,b, P. R. Medwell a,b, B. B. Dally a,b, Z. T. Alwahabi a,c, and G. J. Nathan a,b 

a Centre for Energy Technology, b Schools of Mechanical and c Chemical Engineering  
The University of Adelaide, S.A. 5005, AUSTRALIA  

 

Abstract 
Spatially resolved two-dimensional temperature and soot volume fractions were measured simultaneously in a turbulent non-

premixed attached jet flame, using non-linear two-line atomic fluorescence (NTLAF) and laser induced incandescence (LII) 
techniques, respectively. Measurements were performed in a well characterised Ethylene-Hydrogen-Nitrogen jet flame in such a way 
as to avoid any significant interference of the two laser diagnostic techniques on each other. Laser ablation was used to seed Indium 
atoms into the flame for the temperature measurements. Sample images of single-shot simultaneous temperature and soot 
concentration images are presented at one location. Joint probability density functions (pdf’s) of soot volume fraction (SFV) as a 
function of temperature are also reported. The strong influence of temperature on SVF is found to be consistent with the current 
understanding and highlights the importance of the simultaneous measurements for understanding soot behaviour in a turbulent 
environment and for providing reliable data for soot model validation. 

 
Keywords: Temperature, Soot, Ablation, Simultaneous, Two-line atomic fluorescence, Laser-induced incandescence. 
 

 

1. Introduction 
 

     Soot is a common and important species in most 
combustion systems. The processes of soot formation 
and destruction in practical environments are highly 
complex, as they are associated with interdependent 
parameters such as fuel type, temperature, pressure, soot 
concentration, strain rate, and mixture fraction [1]. Many 
of these parameters are coupled in the case of turbulent 
flows. Of these dependencies, the relationship between 
soot concentration and temperature is of primary 
importance to the understanding of soot, but is yet to be 
reported in a turbulent environment [2]. 
 
     Soot and temperature have an intrinsic coupled 
dependence since temperature is one of the parameters 
that govern the formation and destruction processes of 
soot in a flame. Soot concentration and distribution, at 
the same time, influences temperature due to the heat 
transfer through incandescent radiation from soot 
particles [3,4]. For this reason, a thorough understanding 
of soot evolution in a flame depends on the knowledge 
of temperature. While simultaneous measurements of 
different parameters are required to characterize and 
describe a flame [5], it is also highly desirable that the 
measurements involve more than one dimension in a 
turbulent environment, allowing the acquisition of 
spatially correlated scalars and their gradient, which are 
of a great benefit in understanding of soot evolution and 
in the study of practical combustion systems [5,6].  
 
     The concurrent application of two non-intrusive 
planar techniques offer the advantage of two dimensional 
 
 

 
 
imaging which is essential for characterizing the 
behaviour of soot sheets and its interaction with the local 
temperature fields. Chan et al. [4] demonstrated the 
applicability of joint NTLAF–LII measurements to 
assess the coupled dependencies of temperature and soot, 
however, their measurements were performed in laminar 
and wrinkled flames only. Simultaneous planar 
measurements of temperature and soot concentration in a 
turbulent diffusion jet flame have not been reported 
previously. 
 
     It is well known that major advances in combustion 
research come from the joint application of reliable 
experimental data and detailed CFD model development, 
therefore there is a need for the experiments to be 
performed under conditions which are very well 
characterized. However, while most available 
experimental databases offer well characterized turbulent 
flame conditions, there is no current experimental 
platform that offers simultaneous measurements of 
temperature and soot concentration in a well 
characterized and attached turbulent jet flame. [5,7,8]. 
Hence there is a need for this data.  
  
     For these reasons, the first aim of the present 
investigation is to demonstrate the simultaneous and 
planar, single-shot imaging of temperature and soot 
volume fraction in a turbulent environment, for the first 
time. The second aim is to provide new insight into the 
evolution of soot in a well characterised, attached 
turbulent flame from a statistical assessment of these 
data, while also supporting model development and 
validation.   
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2. Experimental Setup   
 
2.1. Burner details 
 
     The burner used in this experiment consists of a 
circular aluminium tube of 4.4 mm ID with a tapered end 
at the jet outlet and a wall thickness of 1mm. The burner 
is mounted in the centre of a contraction delivering co-
flowing air at ambient temperature and at a bulk velocity 
of 0.7m/sec. The contraction has a square cross-section 
of dimensions 150mm by 150mm, and the pipe jet 
burner outlet rises above the contraction edge by a 
distance of 18mm. 
 
     The fuel composition of the flame is 40% ethylene, 
40% hydrogen, and 20% nitrogen (by volume). The total 
mixture density at 294K and 100 KPa is calculated to be 
0.727 Kg/m3, while the total viscosity (dynamic) is 
calculated to be 1.212×10-5 kg/m.s. More details of the 
flow conditions are provided in Table 1. 
 
    The mean velocity and the turbulence intensity of the 
flow from the nozzle and the co-flow at the nozzle exit 
plane are presented in Fig.1. Good symmetry was found. 
Therefore, temperature and soot volume fraction 
measurements were performed only on the left (laser-in) 
side of the flame. 
 
     A traverse was used to move the burner vertically 
through the optical diagnostic beams to enable 
measurements through the entire flame. The flame 
length, as determined from the time-averaged 
photographs of the flame in Fig.2, was measured to be 
170 nozzle diameters (~750mm) from the fuel nozzle 
under the specified experimental conditions. Although 
measurements were performed at ten different locations 
spanning various regions across the flame height, data 
here are only reported at 120 nozzle diameters (450mm) 
downstream from the exit plane.  
  
Table1. Initial flow conditions for the attached jet flame. 

 
 
 

 
Fig.1. Velocity Profile (in blue) and turbulence Intensity profile (in 
red) from both the jet and the co-flow at a height of 1mm above the 
exit plane of the nozzle. Jet diameter d is 4.4 mm. 

 

                    
Fig.2. Real color photograph of the investigated attached jet flame, 
burning a mixture of ethylene, hydrogen, and nitrogen. 
 
2.2 Indium Ablation 
 
     Indium ablation was selected to seed the jet flame as 
it can successfully deliver indium far downstream in a 
turbulent flow, while achieving a high signal to noise 
ratio [9]. It also allows the probing of the low 
temperature regions of the flame, which is not possible 
with the nebuliser seeding of indium chloride with a 
solvent. Furthermore, seeding by “ablation” avoids the 
addition of large concentration of solvents into the 
flame, and tends to preserve the flame original 
volumetric composition. [6,9].  
 
     The laser ablation technique follows the same 
arrangement that has been described in previous 
publications [6, 9]. In brief, the laser ablation method 
uses a pulsed and focused high energy laser beam to 
remove metal from a surface by rapid heating, thus 
releasing indium atoms. The system involves a 10 mm 
diameter indium rod mounted on a motorized rotating 
shaft and placed within an ‘ablation chamber’. The rod is 
exposed to a 10 Hz focused, second harmonic output 
laser beam (532 nm) of a Q-switched Nd:YAG laser. 
The resulting ablation products are transported by the 
fuel stream from the chamber into the jet burner. 
 
2.3. NTLAF experimental setup 
 
     The experimental arrangement for NTLAF is shown 
in Fig. 3. Two Nd:YAG pumped dye lasers are tuned to 
410.18 and 451.13 nm and fired with 100 ns separation. 
The two beams are combined into a co-planar sheet of 
0.3 mm thickness and 20 mm height. Profile variation 
across the sheet height was also recorded by a third 
Megaplus camera allowing shot-by-shot correction of the 
laser energy. Fluorescence from the flame was detected 
through two intensified CCD (ICCD) cameras using 
f#1.4 lenses.  
 
2.4. LII experimental setup 
 
     Soot volume fraction was measured using the LII 
technique. Excitation was performed with an Nd:YAG 
laser at 1064 nm, while the incandescence was collected  
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Fig.3: Schematic diagram of the optical arrangement. BS, beam 
splitter; BD, beam dump; C, camera; CL, cylindrical lens; CT, 
cylindrical telescope; DC, doubling crystal; F, optical filter; GS, glass 
slide; M, mirror; P1, prism; P2, circular polarizer. 
 
with another ICCD camera with a 430-nm (10 nm 
bandwidth) interference filter. This arrangement was 
selected to minimise interferences [7]. To avoid any 
crosstalk between the LII and the NTLAF imaging, a 
time delay of 800 ns was applied between the NTLAF 
and the LII measurements. This delay, being small 
compared to the physical and chemical time-scales of the 
flame, ensures that the NTLAF and LII measurements 
are effectively simultaneous. The gate-width of the LII 
was set to 50 ns, while the timing was set to coincide 
with the LII excitation, as this is proven to decrease the 
sensitivity of the signal to the soot particle sizes [10]. 
The LII laser sheet was approximately 30 mm high and 
0.3 mm thick. The LII signal is expected to be 
independent of the fluence variation, since the operating 
laser fluence of the LII beam was kept at 1 J/cm2 (above 
the plateau region of the LII response curve) throughout 
the experiment.  
     Calibration of the LII signal was performed on a 
Mckenna-type burner using laser extinction, where a 
continuous-wave 1064 nm laser was used instead of a 
632-nm beam to avoid absorption effects (from PAH, or 
other particles) [7]. 
 
2.5. Image Processing 
 
     The resultant images from all three cameras (Stokes, 
anti-Stokes, and LII) are spatially matched using a seven 
-point matching algorithm and morphed based on the 
cross-correlation of a transparent target to ensure sub-
pixel matching of the images. Temperature images are 
deduced from the ratio of the Stokes to the anti-Stokes 
signals, while the soot volume fraction images are 
obtained from the LII images. Temperatures below 800K 
are set to zero as Indium cannot be detected below that 
temperature, while the soot detection limit is set at 80 
ppb. Simultaneous single shot images of temperature and 
soot concentration are presented in the next section.   
 
3.   Results and Discussion 

 
Figures 4 and 5 present two typical simultaneous 

image pairs (single shot) of temperature, soot volume 
fraction, 450mm downstream from the jet exit.  

Fig.4. Selected simultaneous single-shot images of the left side of an 
axi-symmetric turbulent non premixed ethylene, hydrogen, and 
nitrogen flame.                                      
(a) NTLAF temperature, (b) LII soot volume fraction, and (c) 
instantaneous temperature field with contours of soot overlaid (in 
blue). Laser propagation from left to right. 

  
Fig.5. Selected simultaneous single-shot images (a) NTLAF   
temperature, (b) LII soot volume fraction, and (c) instantaneous   
temperature field with contours of soot overlaid (in blue). 
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It is observed that the presence of soot sheets, although 
being intermittent, is directly related to the local 
temperature zone. An “inverse” correlation between soot 
and temperature is deduced from these images, where 
soot tends to increase in concentration around low 
temperature fields, while rarely overlapping the high 
temperature zone. It is noticed that the soot sheets are 
typically bordering the stoichiometric region of the flame 
and are confined to the fuel rich side of the flame, with 
no record of soot escaping to the air side of the flame. 
While this correlation does not exactly hold for locations 
further upstream the 450mm location (not reported here), 
the soot concentration is observed to be inherently linked 
to the flame temperature at various other heights 
throughout the flame. This outcome is consistent with 
previous simultaneous measurements of soot and 
temperature performed in a wrinkled flame [4].  

     The correlation between soot concentration and 
temperature at the selected height is further examined 
from Fig.6, which presents PDF’s of instantaneous 
volume fraction binned into 200 K temperature bands for 
the same flame height of the instantaneous images (450 
mm). It can be seen that a much wider range of soot 
volume fraction values is associated with lower 
temperatures than for high temperature bands, which 
exhibit a narrower range. A soot range of 0.08 ppm 
(minimum detection limit) to 1 ppm exists at an equal 
probability within the lowest detectable temperature 
band (800 to 1000K), while lower soot volume fractions 
are more probable in the temperature bands. It is also 
deduced that, although soot is more probable at high 
temperatures, it is found there at relatively low 
concentrations. The probability decreases with the 
temperature, but spans a broader range of soot volume 
fraction values. Further analysis of these data at this 
height and at various other locations is underway and 
will be released in future publications. 

 
Fig.6: PDF’s of instantaneous volume fraction binned into bands of 
200 K temperature across the flame at a height of 450mm downstream. 

4.  Conclusion 

The first instantaneous and simultaneous planar imaging 
of temperature and soot concentration in a turbulent and 
attached diffusion jet flame has been demonstrated using 
nonlinear regime two-line atomic fluorescence (NTLAF) 
and laser-induced incandescence (LII) techniques, 
respectively. The images presented at one location reveal 
a strong correlation between instantaneous soot volume 
fraction and the local temperature field, and demonstrate 
the applicability of joint NTLAF–LII measurements to 
assess the coupled dependency of temperature and soot 
in flames. The joint pdf’s of soot concentration as a 
function of temperature bands reveals that the soot 
volume fraction at this location is a strong function of 
temperature. A broader range of soot concentration is 
found at the lower temperatures, while the range of 
concentration is narrower at higher temperature. This 
study represents a significant breakthrough in the 
diagnostic capabilities in sooty turbulent flames, which 
is crucial for the detailed understanding of the coupled 
dependence of temperature and soot in flames of 
practical significance. 
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Abstract 
     The distinct oxy-fuel combustion characteristics of Victorian brown coal are being examined experimentally in a 3MW pilot-scale 
boiler. Computational fluid dynamics (CFD) modelling is being conducted to interpret the experiment data. The moisture content in 
brown coal plays a critical role on particle ignition, flame propagation and stability, which in turn affects heat-transfer and coal 
feeding system as well. Oxy-fuel combustion of Victorian brown coal, either fully dried coal or semi-dry wet coal with 40 wt% 
moisture, has proven successful. Compared to black coal, the fully dried Victorian brown coal has proven bearing a very fast 
oxidation rate in 26% O2 mixed with the recirculated flue gas in the boiler. The CO2 purity reached 78-81%vol in the exhaust gas, at 
about 5% air ingress in the system. For the semi-dry wet coal with 40% moisture, higher oxygen content around 36-40%vol in the 
boiler was required for its stable combustion. This is mainly due to the large heat loss caused by the evaporation of vast moisture 
within the raw coal. However, the flue gas recirculation ratio and the total flue gas amount in the boiler were reduced remarkably, 
implying the lower capital cost for building a purpose-designed wet coal-fired oxy-fuel plant.  

 

Keywords: Victorian brown coal, pilot-scale oxy-fuel combustion, CFD modeling. 
 

 

1. Introduction 
     Oxy-fuel combustion is one of the most promising 
options that can be retrofitted to existing air-fired 
power plant or in a purpose-designed oxy-fired system. 
By burning coal in a mixed gas of pure oxygen and 
recirculated flue gas (RFG), oxy-fuel combustion 
delivers a high-purity CO2 in flue gas to be sequestered 
directly [1-3]. Extensive studies on both lab-scale and 
pilot-scale have pointed out the pronounced influences 
of gas shift from air to O2/CO2 on coal combustion 
characteristics and pollutant emissions. The distinct 
specific heat capacity and density of CO2 relative to N2 
alter flue gas mass flow pattern, velocity profile and 
heat transfer distribution in an oxy-fuel furnace [4,5].  
The increased concentrations of CO2 and water vapor 
substantially increase the emissivity of flue gas, and 
hence the radiative heat transfers in the furnace [6]. In 
terms of coal ignition and char burnout, a noticeable 
ignition delay has been confirmed in O2/CO2 in 
comparison to O2/N2 with a same O2 concentration [7]. 
The high concentration of CO2 and water vapor has the 
potential to lower gaseous diffusion in the char particle 
vicinity, and even trigger the char gasification 
reactions [8,9], which in turn affect the char burnout rate, 
its pollutant emissions and ash slagging/fouling in a 
complex manner [10-12]. To date, extensive researches 
have been conducted for the oxy-fuel combustion of 
bituminous coal, sub-bituminous coal and European 
lignite, reaching a conclusion that a typical oxygen 
concentration of 28%~35% in CO2 is essential to match 

the volatile flame temperature and heat flux in the air-
fired system. It is also argued that, the matching oxygen 
level in an oxy-fuel flame should vary with the 
operating conditions including coal properties and 
wet/dry flue gas recirculation [13].  

      Victorian brown coal is the single largest source 
contributing to the power generation in Victoria, 
Australia. Due to the presence of abundant moisture, 
i.e. up to 70 wt%, Victorian brown coal exhibits a 
greenhouse gas emission rate as high as ∼1300 kg 
CO2/MWh-electricity sent out in the existing air-fired 
power plant, relative to ∼900 kg-CO2/MWh for the 
Australian black coal. The deployment of low-emission 
technologies including oxy-fuel combustion is crucial 
for Victorian brown coal. Compared to the nearly dry 
nature for black coal, the high moisture content in 
Victorian brown coal is the most influential factor 
affecting its combustion characteristics. In this study, 
we will report the experimental observations that we 
have achieved for the combustion of Victorian brown 
coal in air versus oxy-fuel in a 3 MWth pilot-scale 
boiler. The experimental investigation focused on the 
test of both fully dried and wet coal. An established 
mature CFD code, with the refined WSGG radiation 
model and incorporation of char-CO2 and char-steam 
gasification reactions via User Defined Functions 
(UDF), was also employed to interpret the experimental 
results. 

1.1 Experimental  
1.1.1 Coal samples 
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       The Victorian coal samples tested were mined from 
three different places, Hazelwood, Yallourn and Loy 
Yang, with the properties of their air-dried samples 
tabulated in table 1. The furnace thermal capacity was 
fixed at around 1.0 MWth, with coal feeding rate being 
approximately 200 kg/h. Both the fully dried coal with 
a final moisture content of ~15 wt% and semi-dried 
coal containing ~40% moisture were burnt in air versus 
oxy-fuel conditions.  

Table 1 Main property of experimental 

coal 
Victorian brown coal 

Hazelwwood Yallourn Loy Yang 
Proximate analysis,  %, air-dried basis 

Mad 12.3 16.2 16.6 
Vad 51.1 50.7 49.9 

FCad 46 46.2 49.4 
Aad 2.8 3.2 0.7 

Ultimate analysis, %, dry basis 
Cad 66.3 64.5 70.2 
Had 4.6 4.3 4.7 
Nad 0.48 0.51 0.52 
Sad 0.26 0.28 0.35 

1.1.2 Experimental detail 

A 3 MWth boiler with a schematic in figure 1 has 
been employed throughout this study. The boiler is 
coupled with an air-separation unit providing oxygen 
with a purity of 95%, gas preheater, flue gas and 
oxygen mixer, bag filter for fly ash collection, a dry 
lime scrubbing unit for desulphurisation, and pipelines 
for flue gas recirculation. The measurement includes: 
real-time on-line flame photography by TV 
supervision, ash deposition probes (detailed in figure 
3), real-time on-line flue gas analyser for CO2, O2, CO, 
SO2, and NOx, gas impinger train system for SO3 and 
trace metals except Hg, dust collection, and mercury 
analyser.  

 
Figure 1 Schematic of 3 MWth pilot-scale air-firing/oxy-

firing boiler system 

1.1.3 CFD modeling 

      The commercial CFD software, Ansys FLUENT 
13.0, has been employed to predict coal combustion in 
DTF. The sub-models chosen and the refined modes 
and UDF methods incorporated into Fluent are detailed 
in our previous publication [14]. 

1.2 Results and Discussion 
1.2.1 Oxy-fuel combustion of fully dried brown coal 

        As has been confirmed, a maximum purity of 80% 
(dry basis) can be achieved for the combustion of 
Victorian brown coal under the oxy-31 condition for 

the presence of 26% O2 mixed with RFG (around 
6.7 % of O2 in RFG) in the boiler, as shown in figure 2. 
The remaining impurities mainly include 5% oxygen, 
around 1% argon (estimated) and nitrogen. Compared 
to air-firing flue gas containing about 15% steam, the 
oxy-firing wet flue gas contains up to 40% moisture, 
which caused the blockage of coal-feeding pipelines 
after a continuous operation for maximum five hours. 
The CO2 purity in flue gas is comparable to those 
reported in the literature [15].  

 
Figure 2 Flue gas compositions from oxy-31 combustion of 

air-dried Yallourn coal 

1.2.2 Comparison of bulk composition of ash 
particles under air/oxy-fuel conditions 

The photos of probe with deposited ash under both 
air and oxy-fuel combustion conditions are shown in 
Figure 3. It can be seen that, the appearance of the 
deposited ash (loose and powdery) is very similar under 
both conditions. However, the deposit thickness was 
notably different. Under the oxy-firing conditions, more 
of ash particles were found depositing on the probe.    

   
(a) Air firing                                     (b) Oxy firing 
Figure 3. Photos of deposited ash separately under air 
and oxy-fuel firing case (Yallourn coal, flue gas Temp. 
1300℃; Probe Temp. 400℃) 

The elemental compositions were identified by 
using X-ray fluorescence spectroscopy (XRF). The 
chemical compositions of ash deposit and fly ash are 
shown in Figure 4 separately ((a) and (b)). It can be 
seen that the fly ash contents and ash deposition 
characteristics in oxy-firing case are differ from air-
firing case. The higher content of SO3 and Fe2O3 and 
lower content of SiO2 and Al2O3 were observed for the 
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fly ash collected under oxy-fuel combustion condition. 
It seems that the higher deposition tendency of ash 
particles in flue gas under oxy-fuel condition due to the 
higher content of fluxing elements such as Fe, Ca, S [16]. 
While the similar ash contents and ash deposition 
characteristic has been confirmed in the deposited ash 
in the combustion zone of experimental furnace under 
two conditions. It seems that the main reason for the 
higher deposit rate on the probe (~1300℃) in oxy-fuel 
case is the relative lower flow rate in furnace as 
considering the similar ash composition and flue gas 
temperature near the probe under both conditions [17].  

 
(a) Deposited ash (Flue gas temp. 1300℃) 

 
(b) Fly ash (flue gas temp. 250℃) 

Figure 4. Chemical composition of ash samples under air and 
oxy-fuel combustion condition 

1.2.3 CFD modelling of oxy-fuel combustion 

      Under the condition of mixing 26% oxygen with 
flue gas in the furnace, identical gas radiation intensity 
from coal flame was also achieved. This is because the 
specific heat capacity of tri-atomic gas is 1.7 times 
larger than that of bi-atomic air, although the flue gas 
amount in oxy-firing case is less than that in the air-

firing mode. Figure 5 indicates that the emissivity and 
absorption coefficient of tri-atomic gas is higher than 
air, particular at the large beam length referring to 
large-scale boiler. CFD modelling using these 
emissivity and absorption coefficient data has proven 
the identical radiation intensity between air and oxy-26 
and oxy-31 in the 3 MWth boiler (see figure 6). 

 

 
Figure 5 Calculated gas emissivity and absorption coefficient 

for tri-atomic gas (CO2+H2O) versus air (N2+O2) 

 
Figure 6 CFD predicted flame radiation intensity in 3 MWth 

boiler 

 1.2.4 Air-firing and oxy-fuel combustion of wet 
(semi-dry) Victorian brown coal 

      Due to the fact that oxygen content in the boiler is 
adjustable, the combustion of wet Victorian brown coal 
was also proven plausible in the 3MWth pilot-scale 
boiler. The experimental photographs for the 
combustion of wet Yallourn coal as a function of 
oxygen content are illustrated in figure 7. The influence 
of oxygen level in furnace is very critical to flame 
stability. For oxygen percentage of 26% which has 
proven good enough to match air in terms of coal 
combustion flame stability for dried coal, the fire of 
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wet coal was extinguished quickly once the natural gas 
burner was turned off. This should be due to the large 
heat loss caused by water evaporation, which decreased 
the coal particle temperature below or at best close to 
its ignition temperature. Once the oxygen content in the 
boiler was increased to 35% and above, coal 
combustion was stabilized, and the size of the fireball 
formed also increased remarkably with increasing the 
oxygen content in the boiler. The fireball formed in 
40% O2 is also large enough to touch the furnace wall, 
causing potential slagging issue. We thus chose 35% 
O2 in the furnace as the optimum condition for wet coal 
oxy-fuel combustion. Under the same conditions, the 
other coal samples also showed stable fireball 
formation for their combustion. This is a very useful 
observation for wet coal oxy-fuel combustion, which 
has yet to be confirmed for black coal in the literature.    

      The CO2 and O2 concentrations were measured in 
the recycled flue gas. The CO2 (dried) concentration 
reached 76.0-81.0% during oxy-firing process of wet 
coal. This is consistent with the dried coal, as expected. 
It is interesting that the CO2 concentration is seemly 
increased slightly at the elevated oxygen content in the 
furnace. This is due to the decreased total flue gas 
amount in the whole boiler, see figure 8. An increase in 
the CO2 concentration in flue gas is beneficial for 
reducing the power consumption on CO2 compression 
and purification process due to the lower of the total 
flue gas flux and higher CO2 concentration. Compared 
to the air case with a total flue gas amount of ~1200 
m3/h for a coal feeding rate of 250 kg/h, oxy-firing of 
wet coal (40% moisture) at 30% O2 reduced the total 
flue gas amount and the amount of gas discharged out 
of the boiler down to 1000 m3/h and 200 m3/h, 
respectively. With the oxygen % in the boiler reaching 
40%, the total flue gas amount was further decreased 
to700 m2/h, which is about 20% lower than the total 
flue gas amount for dried coal. This will further reduce 
the size for a purpose-designed oxy-firing boiler. 

   
(a) 30%O2/CO2             (b) 35%O2/CO2          (c) 40%O2/CO2 

Figure 7 Flame photographs in burner cross section for oxy-
burning of wet brown coal. 
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3. Conclusions  
       Oxy-fuel combustion of Victorian brown coal, 
either fully dried coal or semi-dry wet coal with 40 
wt% moisture, has proven successful in a 3 MWth pilot-
scale boiler. Compared to black coal, the fully dried 
Victorian brown coal has proven bearing a very fast 
oxidation rate in 26% O2 mixed with flue gas in the 
boiler. The CO2 purity reached 78-81%vol in the 
exhaust gas in which oxygen remained at ~5%. For the 
semi-dry wet coal, higher oxygen content around 36-
40%vol in the boiler is required for its stable 
combustion. This is mainly due to the large heat loss 
caused by the evaporation of vast moisture within the 
raw coal.  The higher content of SO3 and Fe2O3 and 
lower content of SiO2 and Al2O3 were found in the 
oxy-firing fly ash, whereas the similar composition and 
ash deposition characteristic have been found in the 
combustion zone for the two cases. 
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Abstract 
The effect of temperature and time during ash deposit aging on the ash sintering characteristics of an Indonesian coal was 
investigated. The ash sample was prepared by combusting the coal in a muffle furnace and its sintering temperature in air atmosphere 
was determined to be 900°C by using a pressure-drop ash sintering device. The ash sample was compacted to form a number of ash 
pellets and then heated in air to 800°C, 900°C, and 1000°C, respectively, and for different aging times in a muffle furnace to simulate 
the aging of ash deposits in a furnace. The microstructures, morphology and mineralogy of the aged ash pellets were measured using a 
Brunauer-Emmett-Teller (BET) analyser with liquid N2 adsorption, a scanning electron microscope (SEM) and an X-ray 
diffractometer (XRD), respectively. At aging temperatures lower than the ash sintering temperature, the microstructures of the ash did 
not change with increasing aging time. At aging temperatures higher than the ash sintering temperature, however, the specific surface 
area and pore volume decreased sharply during the initial aging period and levelled off as the aging continued. SEM images showed 
that more cracks were formed in ash pellets with increased aging time and temperature. XRD results revealed that the ash mineralogy 
changed significantly with aging time and temperature. 
 
Keywords: Ash; Pore size; Volume; Surface Area; Sintering Characteristics 
 

 

1. Introduction 
 
Ash sintering, known as the bonding or welding of 

adjacent ash particles, is a key mechanism of ash 
fouling and deposition in coal-fired utility boilers, 
causing many severe ash related operation problems 
such as slagging, fouling, and agglomeration in [1, 2]. 
These problems can reduce heat transfer coefficient, 
affect operation stability, and sometimes lead to 
unplanned plant outages [2]. Thus it is important to 
investigate and understand the ash sintering process and 
the sintering characteristics. 

Ash sintering process is often characterised by the 
changes to its physical properties such as viscosity, 
density and shrinkage [3-6]. Temperature and time 
were found to play a crucial role in the ash sintering 
process. Nowok et al [3] investigated the effect of 
heating temperature on the  ash sintering characteristics 
and found that ash sintering could be characterised by 
changes in density. As a result of sintering, density 
decreased to a minimum value and increased afterwards 
with increasing heating temperature. Shrinkage was 
also used by Gupta et al [6] and Lawrence et al [5] to 
characterise the ash sintering behaviour. They found 
that as sintering proceeded, the percentage of shrinkage 
was increased with increasing heating temperature. Al-
Otoom et al [2] investigated the effect of time on the 
sintering characteristics at the ash sintering temperature 
using a pressure-drop technique. It was indicated that 
pressure-drop across the ash pellet decreased and the 
ash strength increased as the heating time increased. 

However, the ash sintering characteristics has not 
been clearly understood, especially when ashes are 
exposed to high temperature over a long period of time.  

During sintering, a number of parameters such as 
viscosity, particle size, diffusion coefficient, and 
surface tension were needed to take into consideration 
[7]. Shrinkage and densification are only the reflections 
of these factors and are the results of microstructural 
changes of the ash during prolonged heating. The use of 
shrinkage or densification is not sufficient to 
characterise the impact of temperature and time on the 
ash sintering behaviour.  

Against this backdrop, the effect of both ash 
deposit aging temperature and time on the ash sintering 
characteristics was investigated in this paper. Ash 
sintering characteristics included ash microstructures 
such as specific surface area, pore volume and pore 
size, morphology and mineralogy. It is expected that 
these characteristics can be used to understand ash 
sintering process.  

2. Experimental 

2.1 Materials 
 
An Indonesian coal was chosen for this study. The 

coal sample was grinded and sieved to less than 150um 
in the particle sizes. The ash sample was prepared in air 
atmosphere according to the Australian Standards (AS 
1038.3), by heating the coal sample from room 
temperature to 500°C within 30min, holding there for 
30min and then further heating to 815°C and remaining 
there for 2 hours. The results of the proximate analysis 
of the coal sample and the ash composition analysis are 
shown in Table 1. 

2.2 Experimental apparatus 
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A pressure-drop sintering device was used to 
measure the ash sintering temperature, as schematically 
shown in Fig. 1. The ash with a mass of about 0.4g was 
compressed in alumina mullite tube (5mm ID) with 
8Mpa compression pressure and held for 30min. Then 
the ash pellet was heated at a heating rate of 6.66 
°Cmin-1 in air environment at a flow rate of about 2 
mlmin-1. The temperature of the ash pellet and the 
pressure-drop across it during heating were recorded. 
The ash sintering temperature was defined as the 
temperature at which the pressure-drop reached the 
maximum. The experimentation was repeated and the 
results showed a good repeatability with an absolute 
error of ±4°C, consistent with the literature reports [6, 
8]. 

Table 1 proximate analysis of coal sample and ash composition 
Proximate analysis 
(a,r= as received) wt% Ash composition wt% 

Moisture (a.r) 10.4 
SiO2 35.0 
Al2O3 32.0 

Ash (a.r) 7.5 CaO 12.7 
Fe2O3 3.70 

Volatile Matter 
(a.r) 43.8 K2O 0.18 

MgO 5.77 

Fixed Carbon (a.r) 38.3 Na2O 0.94 
SO3 4.24 

 P2O5 1.16 
TiO2 2.42 

 
The effect of ash deposit aging temperature and 

time on ash sintering characteristics was investigated in 
a muffle furnace in air environment. The ash with a 
mass of about 0.5g was compressed to a pellet with a 
thickness of about 2.5 mm under 8MPa pressure. Then 
the ash pellet was heated in a muffle furnace from room 
temperature to 800°C, 900°C and 1000°C respectively, 
at a heating rate of 20°Cmin-1. At a given temperature, 
ash pellets were aged for different times, namely, 0.5h, 
1h, 2h, 4h, 6h, and 8h, before they were taken out and 
cooled down to room temperature.  

 
Fig.1 A schematic of the pressure-drop sintering device: 1-furnace, 2-

ash pellet, 3-thermocouple, 4-pressure regulator, 5-flowmeter, 6-
pressure transducer. 

2.3 BET, XRD, SEM analyses 
 
A Brenauer-Emmett-Teller (BET) analyser (Tristar 

3020) using liquid N2 adsorption was used to study the 
microstructure of the ash pellets including the specific 
surface area, pore volume, and pore size. The results 
from the BET analysis showed good repeatability, with 
a maximum relative error of 15%. XRD was performed 

to investigate the mineralogy and SEM was used to 
study the morphology of ash pellets, respectively. 

3. Results and Discussion 

3.1 Determination of ash sintering 
temperature 

 
Figure 2 shows the pressure-drop curve as a 

function of temperature measured by the pressure-drop 
device. The pressure-drop across the ash pellet 
increased with temperature and reached a maximum at 
900°C when the sintering occurred, which was shown 
as point B in Fig.2. Upon sintering ash pellet started to 
shrink, and pulled away from the wall of the alumina 
tube, creating new pathways for the passage of air [6]. 
As a result, pressure-drop across the ash pellet started 
to decrease. It is expected that at temperatures below 
900°C, sintering of the ash would not occur while at 
temperatures above 900°C, ash has sintered. 

 
Fig.2 Pressure-drop curve as a function of temperature measured by 

the pressure-drop sintering device 

3.2 Effect of ash deposit aging temperature 
and time on ash sintering characteristics 

 
Surface area 

Figure 3 shows the specific surface area of ash 
pellets at 800°C, 900°C and 1000°C as a function of 
aging time.  
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Fig.3 Specific surface area of ash pellets at 800°C, 900°C and 

1000°C as a function of aging time 
There was no change in the specific surface area 

with increasing the aging time at 800°C. This is due to 
the fact that temperature was lower than the ash 
sintering temperature of 900°C. However, when the 
aging temperature was higher than the ash sintering 
temperature, the specific surface area decreased sharply 
within the first 2 hours and levelled off as the aging 
continued.  

It is also clear that, within the first 2 hours of 
aging, the reduction rate of the specific surface area at 
the 1000°C was faster than that at 900°C. Furthermore, 
the final specific surface area was smaller when the 
aging temperature was higher.  

The change in the specific surface area of the ash 
was a result of sintering. During sintering, small 
particles were sintered and fused into larger particle 
agglomerates and the necks formed become a part of 
these particles [3, 9]. At 1000°C, the change in the 
specific surface area may also be attributed to the 
formation of liquid phases, since viscous flow is 
believed to be dominant during the ash sintering [1, 2] 

 
Pore volume  

Figure 4 shows the pore volume of the ash pellets 
heated at 800°C, 900°C and 1000°C as a function of 
aging time. It is obvious that the pore volume was also 
sensitive to the ash deposit aging temperature and time. 

The changes in pore volume had the same 
tendency as that of the changes in the specific surface 
area at a given temperature. At a temperature higher 
than the ash sintering temperature, the pore volume 
decreased sharply in the initial 2h and remained 
constant as the aging continued. It is also clear that the 
final pore volume at 1000°C was much lower than that 
at 900°C, indicating more densification and severer 
sintering at a higher temperature. 

During ash sintering, necks between ash particles 
were formed and open pores was converted into closed 

pores, reducing the pore accessibility. Thus the pore 
volume decreased as sintering proceeded. 

 
Fig.4 Pore volume of ash pellets at 800°C, 900°C and 1000°C as a 

function of aging time 
Pore size 

Figure 5 illustrates the average pore sizes of the 
ash pellets after being heated at 800°C, 900°C and 
1000°C for different aging times. It is obvious that at a 
given aging time, the average pore sizes of the ash 
pellets were higher at higher aging temperatures. At the 
temperature below the ash sintering temperature, the 
average pore sizes remained almost constant as the 
heating time increased. However, when the temperature 
were higher than the ash sintering temperature, the pore 
sizes of the ash pellets during sintering showed a 
tendency to increase with increasing aging time but 
were independent of aging temperatures, which is 
consistent with the literature [1]. 

During sintering, the change in the pore size was 
due to the shrinkage of closed pores, which pulled away 
from other particles. However, pore-filling process may 
also occur due to the formation of liquid phase, which 
to some extent would also reduce the pore size. 

The increased pore size and reduced pore volume 
provided evidence that some open pores were closed as 
sintering proceeded. 

 

 
Fig.6 SEM images of ash pellets heated at 900°C at heating times (from (1) to (6)), 0.5h, 1h, 2h, 4h, 6h, and 8h, respectively 

(1) 

(4) 

(2) (3) 

(5) (6) 
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Fig.5 Pore sizes of ash pellets at 800°C, 900°C and 1000°C as a 

function of aging time 
 

Ash Morphology 
Figure 6 shows the typical SEM images of ash 

pellets heated at 900°C for different aging times. 
Initially the surface of ash pellets seemed to be plain 
and fewer cracks were formed. As the aging time 
increased, more cracks were formed and the surfaces 
seemed to become coarser and rougher.  

The SEM images of the ash pellets heated at 
1000°C is shown in Figure 7. Note again that more 
cracks were formed with increasing aging time. 
Compared to the cracks formed at 900°C, more cracks 
were formed and the width of the cracks became larger 
at 1000°C at a given time, indicating that the sintering 
was aggravated as the temperature increased.  

These SEM images provided evidence that both 
time and temperature had influence on the ash 
morphology during sintering process. The SEM 
observations were consistent with the BET results as 
discussed above.  
 
Mineralogy  

XRD was performed to examine the mineralogy of 
the ash pellets at different aging times and 
temperatures. At 900°C, anhydrite (CaSO4), hematite 

(Fe2O3), quartz (SiO2), periclase (MgO) and lime 
(CaO) were present. However, at 1000°C, gehlenite 
(Ca1.96Na0.05Mg0.24Al0.64Fe0.12Si1.39Al0.61O7) was 
formed, while periclase (MgO) and lime (CaO) 
disappeared. With increasing aging time at 1000°C, the 
intensity of gehlenite became stronger, which indicated 
more gehlenite was formed. The new minerals formed 
may inhibit the sintering due to crystallisation or 
facilitate the sintering process by viscous flow. 
However, this need to be further investigated. 

4. Conclusions  
 

The effect of ash deposit aging temperature and 
time on the ash sintering characteristics of an 
Indonesian coal was investigated. The conclusions were 
drawn as follows: 

• If the deposit aging temperature was lower than 
the ash sintering temperature, the 
microstructures of the ash pellet did not change 
with increasing the aging time;  

• If the deposit aging temperature was higher than 
the ash sintering temperature, the specific 
surface area and pore volume decreased sharply 
initially but levelled off afterwards;  

• SEM images showed that more cracks were 
formed in the ash pellets with increasing aging 
time and temperature, which were consistent 
with the BET results;  

• Results from XRD revealed that the difference 
in ash mineralogy may also contribute to the 
changes in ash sintering characteristics. 
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Abstract 
A roadmap for developing the circulating fluidized bed co-combustion of biomass and coal is explored in this study, which 

consists of the process mechanism (combustion characteristics) under operating conditions in a thermal analyzer together with a mass 
spectrometry and the engineering research (hydrodynamic behaviors) under ambient conditions in fluidized beds. By using tobacco 
stem and high-sulfur bituminous coal as solid fuels, preliminary industrial tests in a circulating fluidized bed with the capacity of 25 
tons per hour show that the co-combustion is beneficial for reducing the pollution emissions when the blending ratio is less than 15%. 
The CFD modelling coupled hydrodynamics, heat transfer and combustion of binary mixtures have been established, and a detailed 
simulation will conducted for optimizing operational conditions.  
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1. Introduction 
Co-combustion of biomass and coal is a sustainable 

option in short term as it helps to reduce the emissions of 
gaseous pollutants, such as SO2, NOx and CO2. 
Thermogravimetric method was widely used to analyze 
the reactivity of biomass-coal mixtures. Li et al. [1] 
pointed that the co-firing with biomass could improve 
coal combustion. Zhang et al. [2] examined the 
combustion characteristics of tobacco stem, high-sulfur 
bituminous coal and their blends, and suggested that a 
ratio of 0-20% waste biomass was conservatively 
selection for co-burning coal.  

Among various combustion technologies, fluidized 
bed has been proven a promising technology for 
converting carbon-contained solid fuel to its inherent 
advantages in fuel flexibility, and low operating 
temperature and low emissions. Vamvuka et al. [3] 
revealed the role of minerals in the co-firing of low rank 
coals and biomass resources in an atmospheric 
laboratory-scale fluidized bed (7 cm i.d. and 150 cm 
height), and found that biomass addition in lignite up to 
20 wt% could reduce slagging/fouling and corrosion. 
Cao et al. [4] emphasized that mercury emissions were 
strongly correlative to the gaseous chlorine concentration 
by investigating co-combustion of sub-bituminous coal 
with biomass in a fluidized bed (4.8 cm i.d. and 110 cm 
height). Saikaewa et al. [5] regarded that the presence of 
biomass could reduce NOx and N2O in  flue gas from 
the circulating fluidized-bed combustor composed of a 
riser (3.0 m height and 0.1 m i.d.) and downcomer (1.6 
m height and 0.2 m i.d.) connecting through a L-valve 
(0.05 m i.d.). Gu et al. [6] analyzed the potential and 
benefits for adding 0 to 30% tobacco wastes into a 
circulating fluidized bed by using ECLIPSE process 
simulation package. The results showed that the addition 
of tobacco wastes could decrease the emissions of CO2 
and SOx without reducing the boiler performance, and 
the co-firing processes increased specific investments 
slightly but reduced annual fuel costs significantly, 
which implied that the co-firing processes provided a 

better return on the capital investment than the coal 
firing only process. The aim of this report is to share our 
experience on the co-combustion of waste biomass and 
coal in the circulating fluidized bed from laboratory 
experiments to industrial tests. 

2. Method and materials 
A generally used development method for gas-solid 

fluidized bed makes a separation between the more 
chemistry oriented “process mechanism” and the more 
physics/mechanics oriented “engineering research”, 
which means that the reaction behaviors under operating 
conditions are investigated in a small hot reactor, while 
the transfer performances under ambient conditions are 
studied in a cold model of combustor. 

Laboratory studies include combustion 
characteristics, and fluidization behaviors in this study. 
The co-combustion characteristics of waste biomass (e.g. 
sawdust, miscanthus, or tobacco stem) and coal (lignite, 
bitumite or anthracite) are examined in a thermal 
analyzer. The fluidization behaviors of binary mixtures 
containing biomass with extreme shape and low density 
are investigated in rectangular and cylindrical fluidized 
beds. Considering preliminary industrial tests in a 
tobacco leaf rebaking plant, the mixtures of tobacco stem 
(TS) and bituminous coal (BC) are discussed in details. 
The sizes and mass percentages of TS sample are listed 
Table 1. High sulfur BC is collected from Guizhou in 
China. Proximate and ultimate analyses of TS and BC 
used in this report are presented in Table 2. 

3 Process mechanism under operating 
conditions 

Combustion characteristics of waste biomass and 
coal are determined on a thermal analyzer together with 
a mass spectrometry. All samples are naturally air dried 
at room temperature for about thirty days. Then, they are 
milled and sieved to obtain particles with a size of less 
than 50μm for preparing the TS-BC mixtures with TS 
weight percentages from 10% to 80%. The weight loss, 
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derivative weight loss and heat flux are recorded by an 
SDT Q600 thermal analyzer, and online gaseous 
products are examined by Pfeiffer ThermoStar mass 
spectrometry. More details can be found in previous 
paper [2]. 

 
Table 1 Size and mass percentage profiles of TS 

Length /mm <10 10~15 15~20 20~25 25~30 

wt% 23.19 30.55 22.62 11.18 7.37 

 
Table 2  Proximate and ultimate analyses of TS and BC 

 
 

Ultimate analysis (wt. %) Q (MJ/kg) 

 S C H N O Qnet 
TS 
BC  

0.64 
7.71 

41.54 
49.16 

4.48 
2.84 

1.82 
0.41 

36.56 
1.65 

13.66 
19.86 

 
3.1 Co-combustion performance 

Compared with pure BC, a peak is identified for TS-
BC mixtures in the temperatures of 200-370°C due to the 
decomposition of low-molecular-weight volatiles in TS 
(see Fig. 1). Moreover, the combustion behavior shows 
another peak in the temperatures of 450-700°C and TS 
contents of 10-60% owing to the simultaneous 
combustion of fixed carbon and high-molecular-weight 
volatiles. When TS is increased to 80%, however, three 
subdivided peaks at the latter stage indicate the separate 
combustion in sequence of heavy volatiles and fixed 
carbon early burning and delay burning, which are 
similar to those of pure TS. Thus, the co-combustion is 
mainly determined by BC when TS is less than 60%, 
while it is dependent on TS at TS more than 60%. 

 
 
 
 
 
 
 
 

 

 

 

Fig.1. Derivative weight loss of TS-BC mixtures 

Ignition index (Di) and burnout index (Df) are often 
used to evaluate combustion performance on the same 
burn-off procedure or operating conditions [7]. The Di 
reflects how difficultly or easily and how fast or slowly 
the fuel gets ignited, while the Df mainly depends on 

how fast the char residues burn. As shown in Fig.2, the 
Di increases slightly at TS less than 30% and then almost 
keeps a constant at TS of 30-60%, which means that a 
minor change in the ignition performance. On the other 
hand, the Di obviously reduces at TS greater than 60%, 
which indicates an improvement in the ignition 
performance of TS-BC mixture. Similar to the Di, the Df 
has an insignificant change as TS is increased from 0 to 
60%, but a noticeable decrease at TS of 60-100%, 
meaning that the burnout performance gets worse. 
Accordingly, considering both the ignition and burnout 
performances, it should be believed that the blending 
ratio is less than 60%. 

 

 
Fig.2. Ignition and burnout performances of TS-BC  

3.2 Gaseous pollutant emissions 
Gaseous pollutants are determined by the on-line 

MS. Considering the different combustion stages of four 
samples with 0, 20, 40, and 100% TS, high-sulfur BC 
presents higher releases of CO2 and SO2, and relatively 
low NO2. As TS content is increased, the releases of 
CO2 and SO2 drop significantly, while that of NO2 
identifies little change. So, adding TS into BC is very 
effective in reducing the CO2 and SO2 emissions. It 
could be go further that TS is increased from 0 to 30%, 
the releases of CO2 and SO2 drop very quickly and that 
of NO2 also shows a declining trend, while from 30 to 
100%, the former declines slowly and the latter indicates 
an increase. Therefore, 0-30% TS could achieve a 
decrease in CO2 NO2 and SO2 emissions. 

4 Engineering research under ambient 
condition 

Low-density and long waste biomass particles 
usually intersect and bridge within the fluidized bed, 
which leads to difficulties in their fluidization. In this 
study, resin is used to facilitate the fluidization of non-
spherical TS. The hydrodynamics under atmospheric 
pressure and room temperature are conducted in two 
fluidized beds constructed from transparent Plexiglass, 
one of which is a cylindrical bed (2.25 m height, and 
0.17 m i.d.) for measuring the minimum fluidization 
velocities, and the other is a rectangular bed (0.3 m 
width, 0.025 m thickness, and 2.3 m height) for 
exploring the mixing behavior of the binary mixtures. A 
high intensity uniform illumination system is arranged 
around the bed for capturing the snapshots of the jet and 
binary particles by a high speed digital camera (AVT, 

Proximate analysis (wt. %) 
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PIKE F-032C), and a stepwise sampling system is 
designed for determining the axial profile of solid 
particles. More information can be referred to our 
previous work [8]. 

 
4.1 Minimum fluidization velocities 

Pressure drop method has been fully accepted for 
determining the minimum fluidization velocity of mono-
particle system, which is also used to measure that of 
binary particle systems containing biomass with irregular 
shape and low density. Different from the mono-particle 
systems, the binary mixtures have three characteristic 
fluidization velocities: initial fluidization velocity (uif), 
minimum fluidization velocity (umf) and full fluidization 
velocity (uff) (see Fig. 3), when TS content is more than 
10%. Fig.3 shows that the bed maintains the fixed bed as 
the superficial gas velocity is lower than the uif, while is 
completely fluidized as the operational gas velocity is 
higher than the uff. In the range from the uif to uff, the 
bed is partially fluidized and a part of biomass segregates 
in the upper region of the bed. Generally, the umf slightly 
increases with increasing TS up to 20% since long and 
thin TS particles are usually bridging and enwinding 
each other. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

500

1000

1500

2000

2500

uffumf

 

 

 Fluidization
 Defluidization

         Xb=15%

Be
d p

re
ss

ur
e d

ro
p (

Pa
)

Superficial gas velocity (m/s)

uif

Fixed bed

Partial fluidized
bed

Full fluidized bed

 
Fig. 3. Variation of pressure drop with gas velocity 

 
4.2 Mixing/segregation behavior 

Resin (RE) is initially placed on the top of TS in the 
bed, and the operating gas velocity is increased 
gradually. The RE layer starts to be fluidized but the TS 
layer keeps in fixed bed as the superficial gas velocity is 
slightly greater than the umf of RE. Then, some RE 
particles penetrate the interface and enter the TS region. 
The mixing region of RE and TS gradually enlarges with 
increasing the gas velocity. Finally, all TS particles 
become part of the mixture. This process is largely 
attributable to the drag force exerted on TS by the fluid 
of the air-RE mixture, which is bigger than that of the 
pure air fluid. From the axial TS profile at the gas 
velocity of 1.5-5.0 umf, it is found that TS particles are 
separated from RE as the gas velocity is set at 1.5 umf, 
i.e., a large portion of TS in the top of the bed. With the 
increase in the gas velocity, more bubbles are generated 
and TS fraction increased in the bottom region. A nearly 
uniform mixing state is achieved, as the gas velocity is 
increased to 3.0 umf. 

In order to understand the mixing behavior of binary 
mixture, a standard deviation (S) is used to estimate the 
mixing quality. When the gas velocity is increased to 5.0 
umf, as shown in Fig.4, the fluidized bed with binary 
mixtures can be divided into static, segregation, 

transition and mixing stages. In the static stage, the gas 
velocity is less than the uif, and the bed remains initial 
packing state with the maximum S. Then, S decreases 
with increasing the gas velocity to 1.5 umf, which 
appears an obvious separation state in the bed and called 
the segregation stage. When the gas velocity is greater 
than 2.0 umf, the S decreases to its minimum value and 
becomes a rough constant, which is defined as mixing 
stage with almost perfect mixture of TS and RE 
throughout the bed. It is interesting that the reduction of 
the S becomes slowly at the gas velocity ranging from 
1.5 to 2.0 umf, which is called the transition stage. The 
above findings indicate that the S can be used to estimate 
the mixing/separation behavior of binary mixture with 
long and light biomass particles, which suggests that the 
minimum gas velocity should be greater than 2.0 umf for 
obtaining a better mixing state in the fluidized bed 
combustor with waste biomass.  
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Fig. 4. Four stages determined by standard deviation 

 

5 Preliminary tests in a CFB boiler 
5.1 Apparatus 

Preliminary co-combustion tests are performed in a 
25t/h industrial circulating fluidized-bed boiler as shown 
in Fig. 5. Prior to the tests, the fluid dynamics of binary 
mixtures is simulated in the CFB under ambient 
condition. In each test, high-sulfur BC and TS are mixed 
in a mixer, and then are crushed by a ring-hammer 
crusher are transported to a silo before they are 
introduced into the CFB boiler. Temperature and 
pressure of the boiler is recorded by the DSC control 
system and the composition of flue gas is analyzed by 
flue gas analyzer (Testo 350). As preliminary tests, there 
is only primary air and no secondary air into the boiler. 
Moreover, excess air number is up to 1.8, which results 
in a short residence time of solid fuel in the fluidized 
bed. 

 
1. tobacco stem    2. coal    3. mixer    4. conveying belt 

5.  ring-hammer crusher  6. conveying apparatus    7. silo 
8. feeder  9. CFB boiler  10. cyclone   11. air blower 

Fig.5. Flow diagram of the co-combustion of TS and BC 
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5.2 Temperature profiles in the boiler 
Fig. 6 shows the boiler temperatures are decreased 

with increasing TS ratio in the mixture. It is known that 
the heat valve of TS is significantly lower than that of 
BC. As increasing the TS ratio, the absolute feedstock of 
coal is reduced whilst that of TS is increased. Therefore, 
the gross calorific value is reduced and the boiler 
temperatures are decreased. When TS content is greater 
than 15%, the temperature in the upper part is found 
slightly higher than that of the middle part. It is inferred 
that for higher blending ratios, the great deal of volatiles 
in the biomass separates out, and then combusts in the 
upper part of the boiler. So, the TS content in the 
feedstock should be controlled for co-firing biomass 
with coal. 
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Fig.6. Temperature profiles in the boiler 

 

5.3 Compositions analysis of the flue gas 
Table 3 lists the typical composition in the flue gas 

such as CO, CO2, and SOx.  
Table 3.  Composition in the flue gas for different TS ratios 
Item O2 % CO2/% CO/ppm SOX/ppm 

blank test 13% 7 500 3000 
5% 12.5% 8 580 3000 
10% 13% 7 800 2700 
15% 13.5% 6.5 1000 2300 

With increasing the TS blending ratio, the volatiles 
content in the mixtures raises correspondingly. More 
volatiles of high H/C ratio rapidly separate out and 
consume greater oxygen in the air. Then, the oxygen 
content around the mixture is quickly reduced, causing 
the incomplete combustion of the BC. So, the CO2 
concentration decreases slightly whilst the CO increases 
obviously. To improve the combustion efficiency, the 
operating condition needs to be optimized. The SOx 
content in the flue gas decreases from 3000 to 2300 ppm 
as increasing the blending ratio form 5% to 15%, which 
is attributed to the low sulfur content in TS. So, the co-
combustion of coal and biomass is beneficial for 
reducing the pollution emission. 

6. Conclusion 
A strategy for co-firing waste biomass and coal in 

the CFB is explored, which separates the more chemistry 
oriented process mechanism and the more physics/ 
mechanics oriented engineering research.  

Co-combustion performances (process mechanism) 
in a thermal analyser with a mass spectrometry show that 

TS might be added up to 60% based on their ignition and 
burnout performances. However, TS should be lower 
than 30% to decrease the gaseous pollutant emissions 
(CO2, SO2 and NO2).  

Mixing behaviors (engineering research) in two 
fluidized beds illustrate that TS mass ratio is less than 
20% for obtaining a good fluidization quality. The 
fluidized bed containing long and light biomass particles 
maintains a better mixing state when the operating gas 
velocity is greater than twice minimum fluidization 
velocity. 

Preliminarily tests in a 25 T/h CFB boiler identify 
that the co-combustion is beneficial for reducing the 
pollution emissions. Taking the safety of operation into 
consideration, less than 15% tobacco stem is added into 
high-sulfur bituminous coal. Detailed CFD simulations 
coupled hydrodynamics, heat transfer and combustion of 
binary mixtures will conducted in order to provide 
optimized operational conditions, such as the ratio of 
primary air and second air.  
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Abstract 
In this paper we present a brief review of combustion issues associated with underground fires. Such fires are generally 

characterised by slow, heterogeneous combustion (or smouldering) of porous combustible materials, such as peat or coal. Due to 
specific characteristics of smouldering, such as low temperatures and small propagation velocities, underground fires are difficult to 
detect, especially in their initial stages. For the same reasons, estimation of the extent of the detected fire is problematic. Underground 
fires are also extremely difficult to extinct. Such fires can last for a very long period of time, posing a serious safety threat and having 
substantial adverse environmental and economic consequences. In this paper, we review current understanding of several major 
combustion issues in underground fires, which originated from the specifics of smouldering processes, including fire detection and 
measurements as well as some approaches to control and extinct the fire. We also review environmental and socioeconomic impact of 
underground fires. Limited number of publications on the issues associated with smouldering, in general, and underground fires, in 
particular, is available. As a result, our understanding of the phenomena involved is incomplete. Further research in the area is 
required. 
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1. Introduction 
Climatic conditions and active exploration of mining 

resources make Australia susceptible to underground 
fires. Such fires lead to significant environmental and 
socioeconomic problems [1, 2], while significantly 
undermining safety of local population and, potentially, 
destroying local infrastructure due to surface subsidence 
[3]. These fires produce substantial amount of toxic 
gases and particulates, as well as significantly contribute 
to the global emission of CO2 into the atmosphere [4]. 
Underground fires consume a considerable amount of 
valuable, non-renewable energy resources [5]. In 
addition, such fires can result in groundwater 
contamination [6, 7]. 

Underground fires are ignited by human activities or 
by natural causes, such as lightning. The fires are 
generally characterised by slow combustion (or 
smouldering) of porous combustible materials, such as 
coal or peat [5]. Smouldering involves filtration of gases 
through a cascade of pores (usually of different sizes and 
complex structure) and the transport of heat through both 
gas phase and solid matrix. Heterogeneous oxidation 
reactions and heat release occur on pore walls.  

Several publications have been devoted to 
smouldering over the years. It is important to note, 
however, that the number of publication on smouldering 
constitutes only a very small fraction of the combustion 
research [5]. The smouldering research done prior to 
1985 is reviewed by Ohlemiller [8]. Later, forward 
smouldering, where the combustion front propagates in 
the direction of the oxidant flow has been studied, for 
example, in [9], [10] [11]. The studies devoted to reverse 
smouldering, where the reaction front moves upstream of 
the flow of oxidant, include [12-15]. 

In contrast to flaming combustion, where the flame 
temperatures are within the range of 1200-1800°C, a 
typical smouldering process is characterised by relatively 
low combustion temperatures (500-700°C) and heat 
release rates (6-12 kJ/g). Propagation velocities are also 
very small (within 10-30 mm/h [16]). 

Due to the relatively low combustion temperatures, 
underground fires are difficult to detect, especially in 
their initial stages. Being undetected, an underground 
fire can spread over a large area. Such a spread can 
ignite aboveground bushfires in unexpected locations 
[5], while substantially contributing to biomass 
consumption. Compared to flaming bushfires, 
smouldering underground fires can have more severe 
impact on local ecosystem, due to prolonged exposure to 
high temperatures and release of combustion products.  

When detected, it is important to know the current 
extent of an underground fire and predict its further 
propagation. This information is necessary for assessing 
the safety threat, for estimating the potential economic 
and environmental consequences and for developing the 
optimal measures to control and extinguish the fire.  

Since such fires occur at different depths, a uniform 
treatment of the problem is practically impossible. 
Indeed, the porosity and permeability, which control the 
flow through a porous medium, change with depth and 
soil type. Moreover, a directional preference in the flow 
field, like a fault at deeper depths, can significantly 
affect the heat and fluid flow to or from the source of 
fire. Clearly, this will have a significant impact on heat 
and fire propagation as well as on the strategy to 
extinguish and mitigate the fire.  

Thermo-physical properties of the porous medium 
will also affect the development of fire and reactions 
through the medium. These properties change with 
temperature and, in some cases, with time. As one would 
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expect, the thermo-physical properties of a wet medium 
are different from those of a dry one. For instance, when 
the water content of a wet porous medium is replaced by 
gas, which exhibits higher thermal resistance due to its 
lower thermal conductivity, the overall thermal 
conductivity will be lower. The presence of water and 
other volatiles will not only affect the thermo-hydraulic 
properties, but also play a key role on the chemistry and 
kinetics of reactions. Similar phenomena govern self-
heating of coal stockpiles stored above-ground [17].  

In this brief review, we highlight the importance of 
better understanding of the processes involved in 
underground fires by describing the adverse 
environmental and economic consequences of previous 
fires. We also review existing methods of detecting and 
measuring the fires, as well as the techniques used to 
control and extinguish underground fires.  

2 Environmental and Socioeconomic 
Impacts  

2.1 Air and Water Pollution  
In contrast to flaming fires, where the oxidation of 

carbon is almost complete, the smouldering underground 
fires are characterised by incomplete oxidation reaction. 
As a result, smouldering underground fires yield 
significantly more toxic and asphyxiating carbon 
monoxide compared to flaming fires [18-20].  

Due to the low reaction temperature and incomplete 
oxidation, underground fires are also characterised by 
higher (compared to flaming fires) concentrations of 
toxic organic compound in the product gas. These 
compounds can severely affect health of local 
population. Polycyclic aromatic hydrocarbons, for 
example, have been related to the higher lung cancer 
mortality rate [21].  

In addition, underground smouldering fires also emit 
a substantial amount of the particulate matter [19]. While 
posing an increased risk for respiratory illness [7], these 
particles can be loaded with dangerous inorganic 
substances, such as arsenic, mercury, lead, sulphur and 
fluorine, depending on the mineral composition of the 
burning fuel [6]. 

Toxic organic and inorganic compounds released 
into the atmosphere and then condensed can result in 
local aquifer contamination [7, 6]. The inorganic matter 
and tar left underground also pose the risk of ground 
water contamination due to the increased permeability of 
the media. In contrast to unburned fuel, toxic substances 
in the burned media can be easily leached into the local 
aquifer.  

The air and water pollution due to underground fires 
adversely affect the health of local population. The 
Jharia coalfield fires, for example, result in the increase 
of asthma, chronic bronchitis, as well as skin and lung 
diseases [1, 22]. In addition, the confirmed illnesses 
from the fires include stroke, pulmonary heart disease, 
and chronic obstructive pulmonary disease. This adverse 
impact forced the Indian Government to run a large-scale 
relocation of local population. 

While there is significant evidence of the direct 
environmental and socioeconomic impact of 
underground smouldering fires this evidence has yet to 
be formulated in terms that encourage intervention.  

2.2 Economic Impact and CO2 Emission  
Apart from air and water pollution, underground 

coal and peat consume a significant amount of valuable 
energy resources while substantially contributing to the 
global emission of greenhouse gas. According to [1], 
underground coal fires in northern China result in the 
loss of up to 200 million tons of coal per year. Given the 
2012 Asian market price of around 100 US$/ton [23], the 
dollar value of the losses due to underground fires in 
northern China alone is 20 billion per year. Taking into 
account that these fires are burning for at least 20 years, 
the total economic impact of the fires is tremendous. The 
cost of the necessary fire-fighting measures is estimated 
to be US$ 2.5 million per year [22]. This estimation, 
however, appears to be very conservative. According to 
US estimates, for example, more than $651 million is 
required to control underground fires in abandoned 
mines in the US [1]. In addition to adverse economic 
impact, these fires contribute up 3% to the annual global 
CO2 emission to the atmosphere from fossil fuels.  

Underground fires that are burning throughout the 
Jharia coalfield in India also adversely affect Indian 
Economy. According to [22], the fires are burning there 
since 1916. At present, around 70 fires are permanently 
burning in the area. These fires consume approximately 
37 million tons of coal per year, while blocking access to 
significant coal reserves. It is estimated that 
approximately 1.5 billion tons of coal reserves are locked 
up under the fires [1]. In addition, the relocation of local 
population program requires substantial funding. 

An illustrative example of an underground fire that 
has detrimental safety, environmental and economic 
consequences is the Centralia fire (Pennsylvania, USA) 
[3], which was ignited in 1962 in an abandoned coal 
mine. Since the coal consumed in this fire is considered 
as commercially unviable to mine (at least at the present 
stage of mining technologies), the economic impact of 
this fire due to the loss of resources is difficult to 
estimate. However, socio-economic impact of this fire is 
devastating. Between 1985 and 1991, the US 
government spent US$42 million for relocating 1100 
residents form Centralia. The estimated price-tag for 
complete extinguishing the Centralia fire is US$663 
million [2]. It is also important to note the losses in 
infrastructure, including road damaging due to surface 
subsidence.  

During the El Nino dry season of 1997, the largest 
recorded peat fires started in Kalimantan, Indonesia. The 
fires continued for several months and affected millions 
of people not only in Indonesia, but also in neighbouring 
Malaysia and Singapore. It is estimated that these fires 
destroy more than 5 million hectares of forest, while 
substantially reducing the habitant of already endangered 
species [24]. Although peat is not considered as a 
valuable energy resource, the Indonesian peat fires 
ignited at least 76 coal fires [24] and left a huge number 
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of potential ignition points. The fires resulted in the 
emission of up to 2.6 Gton of CO2 into the atmosphere, 
which constitutes up to 40% of the global emission that 
year [4]. 

Control measures have been implemented in many 
of the fires described above. However, no literature that 
provides quantification of the economic or 
environmental impact of any of these intervention 
activities has been found.  

3 Detection and Measurement  
Detection and measurement of underground fires is 

extremely challenging. As discussed above, smouldering 
is the major combustion mechanism of such fires, which 
is characterised by relatively low, compared to flame 
fires, combustion temperatures. As a result, the surface 
temperatures above an underground fire are usually not 
very high, until the fire has spread over a large area. 
Furthermore, the exact physical, chemical and thermal 
properties of the porous media (coal and soil) are often 
unknown, which makes it difficult to produce accurate 
computational models that can quantify fire spread and 
pollutants emitted. The local subsidence of the surface 
can lead to exposure of the burning area underground. 
This, however, is relatively rare. In general, the exact 
area that is currently burning is difficult to quantify.  

The majority of the previous work in this area has 
been devoted to surface measurements using satellite or 
aircraft imaging as well as quantifying the properties of 
the porous media [25] in order to use these parameters 
for modelling. The techniques employed include GIS 
imaging, thermal infrared (TIR) imaging [26, 27] and 
trace element/gas detection [28, 29].  

While the surface above underground fires are only 
a few degrees hotter than the surrounding areas, night 
time satellite, TIR imaging in the 8–12 µm range has 
proven to be useful for detection [26, 27]. However, the 
TIR images have a poor spatial resolution [26]. 

Recently, the technique involving detection of 
Radon (α-cup method) has been shown to be useful in 
underground fire detection [28, 29]. It has been 
demonstrated that this method is able to detect the 
location and range of the fire, as well as to predict the 
changes in the trend of the fire.   

As mentioned before, there is an urgent need to 
develop diagnostic techniques for making subsurface 
measurements which can serve as validation data for 
predictive models. Past work using ultrasound detection 
in porous media can be explored as a useful tool [30, 
31]. In this method, the decreased attenuation of acoustic 
waves in porous media with burnt char is used to detect 
and quantify the size of the smouldering zone [31]. 
Similarly, X-ray tomographic methods that are being 
currently developed could also be used to make 
quantitative measurements of pore size distribution and 
combustion reaction zones [32]. 

4. Controlling and Extinguishing  
The fire control and extinguishing techniques are 

based on eliminating fire propagation factors such as 

oxidiser, fuel and energy. Traditional methods used to 
control and extinguish underground fires include 
complete and trench excavation, soil backfilling, surface 
sealing and inundation [33].  

Complete excavation involves removal of 
overburden and then the burning fuel with subsequent 
cooling with water. While this method ensure, to some 
extent, complete extinguishment, it is dangerous and 
requires a significant amount of machinery. The viability 
of complete excavation critically depends on the amount 
of overburden and fuel to be removed [34]. 

Less costly alternative to complete excavation is 
trench excavation and soil backfill. This method involves 
the excavation of a trench with subsequent backfilling 
with inert material [33]. Generally, the fire will stop at 
the created barrier. It is important to note that this fire 
control method does not ensure complete 
extinguishment. In some cases the fire can propagate 
below or through the barrier [34].  

Another traditional method is surface sealing. In this 
method, the surface over the fire is sealed with the 
special material to prevent the supply of oxygen to the 
fire [33]. The surface seal has to be maintained for a long 
period of time (up to 20 years) to ensure that the fuel 
underground is cooled down below the ignition 
temperature [35]. Thus, a surface seal requires proper 
construction and careful maintenance. Otherwise, it 
generally fails within 3 years [35]. 

In the case of availability of substantial water 
resources, inundation can be used to control underground 
fires. This technique, however, has not been routinely 
successful [35] due to mainly unpredicted distribution of 
water in underground mine or coal seam. Water has a 
tendency to create and flow through relatively large 
channels, while avoiding hot spots of low permeability. 
It is also important to ensure that all the water will be 
contained in the fire area [33], in order to prevent 
contamination of the aquifer. 

Cryogenic injection has been recently tested to 
extinguish a subsurface coal fire [35]. In this method, the 
slurry composed of CO2 particles dissolved in liquid 
nitrogen is injected into the heated zone. Conversion of 
the slurry to a gas creates a cold front. The cold front 
propagation forces high temperature combustion gases 
out of the heated zone, while cooling it down. This 
approach will fail to completely extinguish the fire when 
the amount of cryogenic slurry is insufficient. However, 
the evaluation of the temperature profiles before and 
after the injections demonstrates effectiveness of this 
method in cooling localized hot spots. 

While all these techniques show some capacity to 
affect underground fires there is no evidence of any 
being successful in a systematic way. In contrast their 
implementation always introduces different forms of 
negative impact.  

5. Importance of Modelling  
An underground fire is a complex phenomenon, 

which involves thermal, hydraulic, chemical, and 
mechanical processes. Due to substantial difficulties in 
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obtaining the real field data, comprehensive modelling is 
essential to improve our understanding of the involved 
processes and their interrelations [36]. Despite some 
recent success, accurate and comprehensive modelling of 
the processes still remains as a gap in the literature. No 
comprehensive model, which is based on rigorous 
treatment of the physical phenomena involved and is 
able to accurately predict extension and propagation of 
underground fires, has been found. Developing such a 
model is a challenging problem. Furthermore, when it 
comes to ignition or extinction all available modelling is 
restricted to very simplified conditions [9, 10, 13].  

The comprehensive modelling of underground fires 
will allow improving our understanding of the 
phenomena underlying such fires and assist in estimating 
the temporal and local extent of a fire, while allowing 
predicting its further propagation based on the key 
parameters. This information is of paramount importance 
for developing of the optimal strategies to control and 
extinguish underground fires in order to reduce their 
unwanted environmental and economic impact. 

5. Conclusions  
Underground coal or peat fires have detrimental 

environmental and socio-economic impact, while 
consuming a valuable resources and polluting air and 
local aquifer. These fires also significantly contribute to 
the global greenhouse gas emission and pose significant 
safety and health threads to local population.  

Detection of underground fires, especially in their 
initial stages, using the conventional satellite or aircraft 
imaging is problematic due to relatively small increase in 
surface temperatures over the burning area. New 
approaches to address this problem have been recently 
suggested.  

Traditional methods of controlling and 
extinguishing underground fires are mostly unproven 
and site-specific. Complete excavation is prohibitively 
costly for widely spread fires or those burned deep 
underground. Other traditional methods do not guarantee 
extinction due to a large number of uncertainties. 
Alternative methods are now under development. These 
method, however, have their own limitations. 

Due to difficulties in obtaining experimental data, 
the development of comprehensive, physically based 
models describing the processes associated with 
underground fires is of paramount importance. Such  
models will improve in our understanding of this 
complex phenomenon and will assist in elaborating 
optimal strategies for preventing, controlling and 
extinguishing underground fires. 
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Abstract 
This work investigates the effects of the density changes within firewhirls and their impact on the flame lengthening mechanism, 

in particular the mechanism proposed by Klimenko et al based on the strong vortex compensation regime. This is conducted through 
running a number of numerical simulations of both buoyant and constant density firewhirls using the openFOAM computational fluid 
dynamics package. In particular, modifications have been made to the proven fireFoam solver packaged with openFOAM to allow for 
a rotating reference frame and constant density reacting flows. The results demonstrate that the flame elongation occurs regardless of 
any changes in density and that it is linked with the generation of tangential vorticity within the flame in both buoyant and non-
buoyant cases, supporting the analysis of Klimenko et al. A shortening of the flame length in buoyant cases at low rotations is also 
found, which seems to result from interference between the baroclinic vorticity of the non-whirling flame and the axial vorticity of the 
whirling flame. 

 
Keywords: fire, firewhirls, density. 
 

Nomenclature 
 

U velocity vector  d0 burner diameter 

p pressure  uc characteristic velocity at burner surface 

T temperature  L flame length (to stoichiometric mixture fraction) 

Yi mass fraction of species i  Lnw flame length (to stoichiometric mixture fraction) 

Z mixture fraction  Zst stoichiometric mixture fraction 

Ω Induced rotational velocity  Pe Peclet number, d0 ur0/D 

uz0 Fuel velocity at burner surface  Ro Rossby number, ur0 / (ΩD) 

D mass  diffusivity coefficient  Re Reynolds number 

1. Introduction 
 
Fire whirls, or fire tornadoes, are a particularly 

destructive and visually impressive form of fire plume 
phenomena and are a topic of continuing research. Fire 
whirls differ from a typical fire plume where the flow 
field is a result of heat driven buoyant effects in the 
added rotational component to the flow. Slight rotational 
tendencies at a distance from the fire are intensified as 
the air is drawn in due to the conservation of angular 
momentum, which results in significantly higher 
velocities and elongated flame lengths. An accurate 
understanding of the processes behind the formation and 
sustainment of fire whirls is an important problem for 
fire-fighting services. In a recent example of the dangers 
they pose, a fire whirl in a bushfire in western 
Queensland detached from the ground and sparked a 
secondary fire 400 metres from the original, crossing 
over the fire-break in the process [3].  
The length of non-rotating buoyant diffusion flames has 
been shown to match closely to that predicted by the 

classical Burke-Schumann formula [4], which can also 
apply in rotating flames with low Rossby numbers by 
using the strong vortex approximation and vortex 
compensating regime[1, 2] . This approach, while 
matching very closely with experimental results, does 
not take into account changing gas density, which can be 
quite substantial. Whether these density changes are an 
additional influence on the flame has not yet been 
satisfactorily answered, which is the purpose of this 
work. 

In this work a computational fluid dynamics (CFD) 
analysis of firewhirls is presented, investigating the 
effects of the constant density assumption on the flame 
length elongation. This is done through running a 
number of simulations in which the density is alternated 
from being constant to being dynamically calculated 
from the temperature. 

 
1.1 Theory  

__________________________ 
* Corresponding author:  
Email: c.dowd@uq.edu.au 
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The flow regime within a diffusion driven fire 
plume can be modelled as a compressible, transient 
buoyant flow with convection-diffusion driven species 
and enthalpy transport equations. The solution to the 
Navier-Stokes equations for a fluid driven by a reacting 
species heat source is represented in the reactingFOAM 
source files as below in (1) to (4): 

 

These equations are similar to those used in the 
successful fire-whirl simulations of Battaglia et al [5]. 

The pressure, temperature and density are all 
calculated through a perfect gas equation of state, with 
the species combustion rate and combustion enthalpy 
calculated through calls to an external combustion 
model.  

In this case a diffusion type combustion model has 
been used, which transforms the given chemical species 
to a mixture fraction value used in calculating the 
combustion enthalpy. The combustion reaction modelled 
is the combustion of methane, chosen for its simplicity 
and extensive analysis in the literature. The net reaction 
(5) has a stoichiometric fuel to air mass ratio of 0.058, 
which is used in the non-dimensional flame length. 

 
 
 
 The combustion model assumes a single step 

infinitely fast irreversible reaction, ignoring intermediate 
species production. The values of the specific heat, 
enthalpy and entropy of combusting gases are 
temperature dependent, and are calculated from the 
National Institute of Standards and Technology (NIST) 
JANAF thermochemical property tables using the 7 
coefficient polynomial model already implemented in 
fireFOAM. Such a combustion model was chosen for its 
proven ability in modelling non-whirling fire plumes [6] 
and for its speed of calculation compared to more 
complicated combustion models. The model is similar to 
the combustion mechanics assumed in the analytical 
models of Klimenko et al [2] and Chuah et al [7]. 

In order to simplify the process of adding rotation to 
the flow, a Coriolis force term (6) and centrifugal force 
term (7) have also been added to the momentum 
equation, simulating a rotating reference frame. 

 
 

 
 
 

The effects of soot and radiation are not considered 
in this work. While such effects are often significant in 
real life flames, it has been assumed that they do not 
significantly influence the underlying flow structure of 
the whirl. 

2. CFD Simulations 

2.1 Model 
The CFD simulations in this study have been 

conducted using the OpenFOAM software. OpenFOAM 
is an open source CFD package with a wide range of 
uses. One of its main advantages is the simplicity with 
which it can be edited and the intuitive manner in which 
the governing partial differential equations of a flow are 
written. This allows the user to look 'under the hood' so 
to speak of the CFD solver and adjust it as needed. 

The solvers used within this work are modified 
forms of the fireFOAM solver packaged with 
OpenFOAM. It solves the differential equations given in 
the theory section (1) to (4) over a specified mesh. 
Modifications have been made to it to add the rotating 
reference frame forces (of equations (6) and (7)) as well 
as fixing the value of density for the constant density 
version of the solver.  

The basic model set-up is shown in Fig. 1.  The fuel 
is inserted into the domain at a specified velocity, 
uniform across the inlet. The inwards radial velocity on 
the outer boundary is also specified, with a zero gradient 
pressure condition. The air is forced out the top of the 
domain where there is a zero gradient velocity condition 
and atmospheric pressure. 

The mesh in these simulations is a three dimensional 
cylindrical mesh with a curve sided square inlet patch 
(for which an effective diameter is calculated following 
the recommendations of Hasemi and Tokunaga [8]). The 
domain has a height of 375mm, a diameter of 150mm, 
and 120 000 cells. The minimal cell volume is 1.58e-6m3 
along the cylinder's axis.  

2.2 Results 
The results of these simulations were time averaged 

over approximately 5 seconds once the flame shape had 
properly developed. Fig. 2 shows the flame shapes of the 
dynamic density with buoyancy case. The elongation 

 

Fig. 1 Schematic of model set-up 
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associated with the increasing rotation is clearly shown. 
The dynamic density can be seen to elongate the flame 
due to the expansion of the flow, however without the 
contraction in width associated with the buoyancy. 

Running a number of these simulations gives the 
results of Fig. 3. The constant density cases are seen to 
match very well with the relationship L/D = Pe/16f used 
in [7] [2]. The dynamic density cases also confirm with 
the theory, with the characteristic density of the flow 
taken as the inlet velocity scaled by the change in density 
in the flame, in both cases the whirling forms give higher 
flame lengths. 

The dynamic density firewhirls experienced flame 
elongation in the realm of 37% to 50%, constant density 
firewhirls experienced approximately 17% flame 
elongation before vortex collapse and the dynamic 
density case without buoyancy effects experienced a 
flame elongation of approximately 20% before vortex 
collapse.  

While whirling flames in all cases resulted in flame 
elongation, the effect of the whirl strength on each flame 
type was different as Fig 4. shows. The whirl strength is 
represented through the Rossby number, with a lower 
value indicating stronger whirling. The reduction in 

flame length for weak whirling dynamic density plumes 
(the dip in Fig 4.) is similar to the flame length reduction 
in the simulated whirls of [5]. That this dip is only found 
in simulations with buoyant effects suggests that the dip 
is due to the combination of buoyancy and whirling. 

3. Discussion 

3.1 Flame elongation  
 
The elongation of whirling flames in all three cases 

suggests that the flame elongation mechanic is 
independent of gas density changes, supporting the 
analysis of Klimenko et al [2]. These gas density 
changes stretch the flame, with further stretching arising 
from buoyancy as the theory would suggest.  

3.2 Flame length reduction 
 
There is to date no experimental evidence 

confirming the dip in flame length at low rotations 
reported in these results and those of Battaglia et al [5]. 
Some experiments however do report a reduction in 
flame length as the flame begins to whirl, before it 
stabilises [9]. 

 The rotation at which the reduction in flame length 
is strongest coincides with the point at which the axial 
vorticity begins to dominate over the baroclinic vorticity 
(which, like the 'dip', is only found in dynamic density 
buoyant flames) of the non-whirling flame. This would 
suggest that the dip results in some way from the 
interaction between the two forms of vorticity. 

3.3 Vorticity generation 
 
 The results of the simulations also show the 

generation of considerable tangential vorticity within the 
flow, the production of which appears to be associated 

 

Fig 2. Dynamic density flame shapes as temperature fields for 
different speeds of rotation: (a), non-rotating. (b) rotating giving 
maximum elongation. (c) rotating at the onset of vortex collapse. The 
black line represents the stoichiometric boundary of the flame. 

 

Fig. 4 Whirl length over non-whirling length vs Rossby number. 

 

Fig. 3. Non dimensionalised flame length vs Pe/(16 Zst) and the 4/3 
compensating regime of [1]. The term standard form refers to a 1:1 
relationship. 
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with the flame lengthening as predicted by Battaglia et al 
[5]. 

An example of the tangential vorticity generated by 
the rotation in a constant density case is shown in Fig. 5. 
The figure clearly shows the increase of non-axial 
vorticity as the applied rotational velocity Omega 
increases. The large regions of tangential vorticity at the 
upper side boundaries are artefacts from the boundary 
conditions, however they do not significantly affect the 
results. 

4. Conclusion 
 
The results of the simulations have shown that the 

flame lengthening mechanism in firewhirls suggested by 
Klimenko et al [2] functions regardless of density 
changes within the gas. The density changes delay the 
onset of vortex collapse and result in a greater maximum 
flame elongation. 

The generation of tangential vorticity confirms that 
the strong vortex compensation regime is able to 
accurately predict the elongation of the flame within this 
region. 
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Abstract 
Using the results of the analysis on the conventional superheated steam drying (SSD) technology as basis, this study proposed a 

novel SSD system integrated with flue gas waste heat recovery. In this system, vapor from the moisture of low rank coal was used to 
preheat the combustion air and two-stage gas water heaters were located in the bypass flue. The gas water heaters heated the 
condensed water, to partly save the extraction steam of the steam turbine. Using the data of a typical 1000 MW low rank coal power 
plant, this study analysed and compared the performance of the conventional system and the novel system using the EBSILON 
Professional software. Results showed that the coal combustion rate of the novel system was reduced by nearly 5.30 g/(kW·h) and 
that the net power plant efficiency could reach up to 43.2%. Coal combustion was reduced by 30,108 tons (5500 operation hours) and 
CNY 28.4 million can be saved per year (CNY 1000 per ton). 

Keywords: superheated steam drying, gas water heaters, vapor air preheater, flue gas waste heat recovery.

 

1. Introduction 
 
China has more than 13 billion tons of low rank coal 

(LRC), which accounts for nearly 13% of the total coal 
reserves. LRC has many advantages, such as lower price, 
high reactivity, and low sulfur content. However, LRC 
has several disadvantages on low fuel ratio and high 
moisture content, which ranges from 30 wt.% to 65 wt.% 
wet basis [1]. Therefore, efficient LRC drying 
technologies are crucial, and improvements to these 
technologies may increase the efficiency of an entire 
power plant. Besides, the temperature of the exhaust flue 
gas in an LRC plant power is relatively high, at above 
130 °C or even higher, there also owns potential to 
reduce the exhaust flue gas temperature and recover the 
exhaust heat [2-3].  

Recently, a number of studies have focused on drying 
technology to improve the net efficiency of an LRC 
power plant. These studies investigated various 
characteristics, such as better product quality, safe 
operation, no fire explosion hazard, no oxidation, etc. 
The most popular method is superheated steam drying 
(SSD) [4,5]. Potter and Keogh [6] proposed a fluidized 
bed drying (FBD) system using superheated steam as the 
drying medium in a cascading multistage fluidized bed 
dryer with heat recovery between successive beds. 
Furthermore, this system was further refined by RWE 
company into fluidized bed drying [7, 8]. In China, 
Xiaoke [9, 10] investigated the characteristic of the 
drying system and the use of the evaporated water. Most 
studies focused on the performance of the drying system 
and the characteristic of the SSD. However, few studies 
analyzed the process of the energy transfer throughout 
the entire power plant. Specifically, most studies have 
did not analyze the recovery of the heat released by 

evaporated water and exhaust flue gas in an LRC power 
plant.   

Therefore, the current paper presents a novel SSD 
system integrated with heat recovery both from 
evaporated water and exhaust flue gas. Through system 
integration, the heat released by vapor and the exhaust 
flue gas were used by gas water heaters to heat the 
condensed water in the bypass flue. Furthermore, 
conventional and novel SSD systems were simulated 
using EBSILON Professional software. Finally, we 
examined the thermodynamic performance of the novel 
SSD system on the net efficiency improvement in a 
typical LRC power plant is comprehensively.  

2. Description of the SSD system 

2.1 Principle of the SSD  
Fig. 1 shows the basic schematic layout of a 

conventional SSD system, which utilizes superheated 
steam as fluidizing drying medium, developed for LRC 
[11]. 

Primary 
LRC mill

Superheated steam

Separator

Cooler

Condensed water

splitter

Compressor

 

Fig.1  Process of the SSD system 
Drying is divided into pre-heating (primary) 

evaporation and cooler stages. Raw LRC is 

- 128 - 



 
initially in a pre-heating stage (Primary LRC 
mill) to a certain temperature and fineness. 
Subsequently, the main drying process, which 
involves water evaporation, is performed inside 
the FBD (main dryer). The internal heat 
exchangers are composed of a compressed 
mixture of drying medium (superheated steam) 
and steam, which are immersed inside the FBD 
to provide the heat for water evaporation. Pure 
evaporation steam then flows to the splitter and 
part of the steam flows to the compressor. 
Compressed vapor with high exergy rate is 
circulated back to the dryer. The sensible heat 
of the LRC is recovered by the cooler to 
improve the overall energy efficiency. Through 
this method, all enthalpy-rich streams are 
utilized and exergy is recovered and 
recuperated, resulting in the minimization of 
total energy input. 

2.2 Reference system: a conventional SSD 
system applied to a typical LRC power plant  

 
A conventional SSD in a typical LRC parameters 

power plant is selected as reference system. A typical 
LRC power plant produces 2707.30 t/h live steam at 
26.25 Mpa and 600 °C. A single reheat is performed at 
603 °C and 5.85 MPa. Exhaust gas temperature from the 
air preheater is 126 °C,  and boiler efficiency is 94%.  

Details of the parameters of the regenerative system 
before drying can be found in literature [2]. Fig. 2 shows 
the schematic of the thermal system of a power plant 
with a conventional SSD system. 

Dryer

vapor

To dryer

Air

To the boiler

Flue gas 

To further mill

From 5th-stage extraction 
steam

separator

Boiler

To the condenser

Economizer

Air preheater

Deaerator

  
Fig. 2 Schematic of the thermal system of a power plant with a 

conventional SSD 
 

For a conventional SSD system, the 5th-stage 
extraction steam provides heat for the dryer. After 
heating the LRC, the extraction steam is condensed and 
then allowed to flow to the next stage heater. The heat of 
the vapor is dumped into the condenser, resulting in the 
waste of quantities of energy and the reduction of the net 
efficiency of the power plant. On the other hand, on the 
tail heat surface of the boiler, the air preheater is 
arranged downstream of the economizer, with the inlet 
temperature of the air preheater being 25 °C , and the 
exhaust flue gas temperature is 126 °C, the large 
temperature difference between the air preheater will 

result in large exergy destruction. Under system 
simulation, the temperature of the vapor from the LRC is 
found to be higher than that of ambient air. Therefore, 
vapor from the LRC to preheat can be used to preheat 
ambient air. Moreover, the exhaust flue gas temperature 
is about 130 °C, indicating its potential to recover the 
waste heat by reducing the flue gas temperature.   

2.3 Proposed novel SSD system in the same 
LRC power plant 

 
We use the results of our analysis to create a novel 

SSD system that uses vapor to heat ambient air and 
reduce the exhaust flue gas temperature to recover the 
heat of the vapor from the dryer and the exhaust heat of 
the flue gas, to improve the power plant net efficiency. 
Fig. 3 shows the schematic of the thermal system of a 
power plant with the novel SSD. 
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Fig. 3 Schematic of the thermal system of an LRC power plant with 
the novel SSD 

 
In the novel SSD system, the heat source of the dryer 

is also from the 5th-stage extraction steam, following the 
thermodynamic parameters of the LRC power plant. The 
flue duct is divided into two parts, the main flue duct and 
the bypass flue duct. The air preheating system is also 
composed of two parts: the main air preheater and the 
vapor air preheater. The main air preheater is located in 
the main flue duct, and the vapor air preheater is 
arranged in the downstream of the main air preheater. In 
the bypass flue duct, two-stage gas water heaters absorb 
the heat released by the flue gas. Part of the condensed 
water is heated by the gas water heater, enabling part of 
the extraction steam from the steam turbine to be saved. 
According to the parameters of this LRC power plant, 
the first gas water heater can heat part of the condensed 
water from the outlet of the deaerator, and then the feed 
water flows into the inlet of the economizer. In the 
second gas water heater, part of the condensed water at 
the entrance of the 6th-stage regenerative heater enters 
this heater and then returns to the thermal system after 
absorbing a certain amount of energy. The outlet flue gas 
temperature can be reduced to 100 °C, similar to the 
outlet flue gas temperature of the second gas water 
heater.   

In the bypass flue the two-stage gas water heaters heat 
part of the condensed water, and thus the extraction 
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steam from the steam turbine can be partly saved. The 
saved extraction steam can pass through the following 
stages of the steam turbine and continue to expand for 
more output of power. Therefore, the heat of the vapor 
and the exhaust flue gas are used with the gas water 
heaters for additional power output and for increasing the 
overall efficiency of the power plant [11].  

3. Performance evaluation 

3.1 Simulation and main assumptions 
 
These two systems based on the same LRC coal-fired 

power plant were simulated using the software 
EBSILON Professional software. The simulation was 
approached as a small variation around nominal 
conditions of operation, allowing for the simplification 
of the following assumptions: 
n For different stages of the HP, IP, and LP turbines, 

constant isentropic efficiencies equal to 0.87, 0.92, 
and 0.89, respectively. 

n A nearly constant amount of fuel input and the flow 
rate of the main steam are chosen to model the SSD 
system for the LRC power plant integrated with a 
thermodynamic cycle. Additional power output and 
improvement of the net efficiency are achieved by 
saving extraction steams.  

n We set the outlet flue gas temperature of the first gas 
water heater at 210 °C. For the dryer, we set the 
temperature of the pulverized coal to 15 °C higher 
than the vapor from the LRC. The flow rate of the 
recycle vapor back to the dryer is fixed at 50 kg/s. 

Table 1 shows the simulation results of the 
conventional SSD and novel SSD systems obtained 
based on the thermodynamic parameters of the steam 
cycle and the main assumptions mentioned above. 

As shown in Table 1, as the heat source of the dryer, 
the extraction steam is condensed after heating the 
pulverized coal. About 49.30 t/h vapor (0.12 MPa, 
105 oC) can be obtained from the pulverized coal in the 
dryer. In the novel SSD system, the heat of the vapor is 
recovered from the vapor air preheater heating ambient 
air. The temperature of the ambient air can reach up to 
nearly 60 oC. The outlet air temperature is similar to that 
in the conventional SSD system, and the heat released by 
the flue gas heating the air can be reduced. As the 
temperature of the exhaust flue gas in the novel SSD 
system decreases from 126 °C to 100 °C, the heat 
released by the flue gas is simultaneously increases. 
Therefore, two parts flue duct will be available in the 
novel SSD system, which includes the main flue duct 
and the bypass flue duct. The flow rate of flue gas in the 
main flue duct and the bypass flue duct can be easily 
achieved using the calculation based on the energy 
balance. For the first gas water heater, the condensed 
water can be heated from 191 °C to 300 °C; it then flows 
back to the inlet of the economizer. For the second gas 
water heater, the condensed water can be heated from 85 
°C to 158 °C; it then flows back to the inlet of the 
deaerator.  

3.2 Results and discussion  

 
Based on the the analysis above, we can obtain several 

important thermodynamic parameters in the simulation 
process. These parameters will help us calculate the 
energy-saving performance to compare and analyze the 
two systems.  

 
Tab. 1 Simulation results of the conventional and the novel SSD 

systems 
 Item Novel  

SSD 
Conventional  

SSD 
Dryer    
Temperature of vapor from LRC  oC 105 105 
Pressure of vapor from LRC MPa 0.12 0.12 
Vapor air preheater     

Outlet water temperature oC 104 — 
Air flow rate  kg/s 915 — 
Air preheater    
Air preheater inlet air temperature oC 58.3 25 
Air preheater outlet air temperature oC 354.5 354.5 
First gas-water heaters    
Flue gas flow rate in the bypass  kg/s 203 — 
Inlet/Outlet flue gas temperature  oC 378/210 — 
Inlet/Outlet condensed water 
temperature  

oC 191/300  — 

Flow rate of condensed water  kg/s 76  — 
Second gas-water heaters    
Inlet/Outlet flue gas temperature  oC 210/100  — 
Inlet/Outlet condensed water 
temperature  

oC 85/158  — 

Flow rate of condensed water  oC 137  — 
Exhaust gas temperature oC 100 126 

 
In this paper, we choose the standard coal 

consumption rate bs
  as a criterion to compare the 

thermodynamic characteristics of these two systems. The 
standard coal consumption rate is defined as following: 

 
total ar,net total

net net

3600 /
122.8 (g/kW h)s E Q Eb

P P
×

= = ⋅ ⋅   (1) 

 
where E total is the total energy input per unit time, 

which has a quantitative value approximately equivalent 
to the total heat input value of fossil fuel per unit time; 
Pnet is the net power output, which removes auxiliary 
power from the gross power output; and Qar,net, with a 
unit of kJ/g, is the heat value of standard coal (usually 
LHV in China), which has a value of 29.308 kJ/g or 7000 
kcal/kg. The unit of standard coal consumption rate bs is 
g/kWh, representing standard coal consumption in grams 
per kWh of electricity output. Table 2 shows the 
thermodynamic performance of these two systems. 

Table 2 shows that the net power output in the 
conventional system is 1084.5 MW, which can reach up 
to 1108.3 MW in the novel system. As a result of the 
installation of the two-stage gas water heaters, the 
extraction steam can be partly saved, and extra output 
power can be obtained. Under the condition of the 5500 
operation hours, more than 30,108 tons standard coal 
consumption and nearly CNY 30 million can be saved 
per year with a price of CNY 1000 per ton. Net power 
plant efficiency can reach up to 43.2%, nearly 0.9%-
point higher than that of the conventional system. The 
novel SSD system has great energy-saving capability and 
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excellent thermodynamic performance for the LRC 
power plant.  

Tab. 2 Thermodynamic performance of the both systems 
 Conventional 

SSD 
Novel 
SSD 

Total power output Pnet /MW 1084.5 1108.3 
Auxiliary power rate/% 5.5 5.5 
Total energy input  E total/MJ 2418.9 2426.4 
Net power plant 
efficiency/% 42.4 43.2 

Standard coal consumption 
rate bs/(g/kWh) 290.3 285.0 

Coal consumption rate 
(tons/year) 1649155 1620751 

Cost of the coal consumption 
(CNY million /year) 1649.2 1620.8 

4. Conclusion 
 

The results show that the novel SSD technology has 
significant energy-saving characteristics that can 
improve the net efficiency of a power plant. The 
following important conclusions conclusions are drawn: 
1) SSD technology, which is the most widely used 
method for drying the LRC, is very safe and easy to 
operate. However, in a conventional SSD system, vapor 
from LRC is dumped into the condenser, leading to 
inefficient heat. In addition, exhaust flue gas temperature 
is high in LRC power plants. Therefore, there exists great 
potential to use the heat of the vapor and flue gas by 
heating the condensed water.  
2) The novel SSD system proposed in this paper has a 
vapor air preheater is arranged in the downstream of the 
air preheater in the main flue duct. Ambient air, which 
flows to the main preheater, is preheated in the vapor 
preheater. The flue duct is divided into two parts. The air 
preheaters in the main flue duct are located parallel to the 
gas water heaters in the bypass. The two-stage gas-water 
heaters heat part of the condensed water, saving part of 
extraction steam from the steam turbine. Therefore, extra 
output power can be obtained using the novel SSD 
system. Results show that in the novel SSD system, the 
standard coal consumption rate can be reduced by 5.30 

g/(kWh), and more than 30,108 tons standard coal can be 
saved with 5500 operation hours. The net power plant 
efficiency can reach up to 43.2%, nearly 0.9%-point 
higher than the conventional system. 
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Abstract 
In this experimental work, a laboratory-scale recuperative furnace has been used to investigate the sustainability of Moderate or 

Intense Low Oxygen Dilution (MILD) combustion with pulverised coal. Low-rank and high volatile Kingston brown coal and high-
rank and low volatile Bowen Basin black coal with particle size in the range of 38-180� µm were injected into the furnace using 
either CO2 or N2 as a carrier gas. Operating conditions for stable MILD combustion of pulverised coal have been identified and 
evidencing MILD condition is achievable without any additional pre-heating of the air. The O2 and CO emissions were measured in 
parallel with NO emission. A water cooled sampling probe was used to conduct in-furnace gas sampling. Measurements of in-furnace 
gas concentration of CO and NO and in-furnace temperatures are presented. It was found that a significant reduction of NO emission 
owing to the strong NO reburning reaction inside the furnace. These findings, together with the potentiality of MILD conditions for 
soot depression and destruction, open the possibility of using high rank black and low rank brown coal with this technology. 

Keywords: MILD combustion, pulverised coal, CO, NO. 
 

 

1. Introduction 
 
Moderate or Intense Low Oxygen Dilution (MILD) 

combustion has been identified as an innovative 
approach for reducing the production of pollutants and 
increasing thermal efficiency from the combustion of 
fossil fuels. MILD combustion operates on the 
combination of heat and exhaust gas recirculation [1]. 
The recirculation of flue gas decreases the local oxygen 
concentration and increases the temperature of the 
reactants. The lower oxygen concentration slows the 
reactions and leads to a distributed reaction zone. As a 
result a distributed thermal field is established which 
leads to a semi-uniform temperature distribution with 
reduced peak temperature. Thus, thermal NOx 
formation is considerably reduced. MILD combustion 
is often called “flameless combustion” or “flameless 
oxidation” (FLOX®) [2] because at optimized 
conditions the flames are invisible and inaudible. This 
combustion is part of the “high temperature air 
combustion” (HiTAC) regime because the combustion 
air is usually preheated to high temperatures [3].  

 
MILD combustion has been studied extensively for 

gaseous and liquid fuels and has been successfully used 
in many industrial applications [3]. It would be 
attractive if this technology could also be applied to 
coal combustion, as coal is one of the most abundant 
fossil fuels in the world and forecasts show that this 
position will remain unchanged over a foreseeable 
future [4]. Nevertheless, MILD combustion of 
pulverised coal has received much less attention than 
that of gaseous fuels and its burning characteristics are 
poorly understood. Some studies have recently been 
reported on pulverised coal combustion under MILD 
conditions [5-7]. An experimental study on the MILD 

combustion behaviour of high volatile coal was 
conducted in a semi-industrial scale furnace at 0.58MW 
thermal input by Weber et al. [7] at the International 
Flame Research Foundation (IFRF). High temperature 
air (1300 °C) was used to burn high volatile coal and 
the NOx emissions were in the range 160-175 ppm (at 
3% O2) indicating high NOx reduction potential of this 
technology for pulverised fuels. However, the basic 
mechanism of NOx formation is not clearly understood 
from the experiments. 

 
There are substantial challenges to better 

understand the formation and destruction of pollutants, 
like NOx and SOx under MILD combustion of 
pulverised coal. The main focus of this research is to 
investigate the combustion characteristics of brown and 
black coal, as pulverised fuels, in a recuperative MILD 
combustion furnace. The effect of the carrier gas, fuel 
types and the operating parameters on the stability of 
the MILD combustion, in-furnace gas concentrations 
and temperature as well as the pollutants emissions in 
exhaust are discussed and analysed.  

2. Experimental 

2.1 Experimental Setup 
In this study, a laboratory scale MILD combustion 

furnace (MCF) is used as shown in Fig. 1. This furnace 
was built and instrumented by Szegö et al. [8]. The 
furnace has a square cross section of 280 mm × 280 
mm and a height of 585 mm and is lined with high-
temperature ceramic fibre-board refractory. The furnace 
flow diagram is shown in Fig. 1. The furnace is 
preheated to temperatures above that of fuels’ 
autoignition, using a nonpremixed natural gas flame. 
The switch to MILD mode is achieved once the 
temperature at the lower corner of the furnace, which is 
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Fig. 2 Burner block showing the arrangement of the 
fuel and air delivery jets and exhaust ports 

 

identified as safety thermocouple (TC) on Fig. 1, 
exceeded 850 °C. The burner block and jet arrangement 
at the bottom of the furnace is shown in Fig. 2. The 
central fuel nozzle, with an internal diameter of 7.5 
mm, is fitted with a bluff body (22 mm in diameter) and 
is surrounded by an air nozzle with an internal diameter 
of 26.4 mm.  

When operated in MILD mode, the combustion air 
through the central air nozzle is switched to the four 
surrounding periphery jets, which have an internal 
diameter of 4 mm. Pulverised coal particles replace 
natural gas in the central fuel nozzle and is carried into 
the furnace using either CO2 or N2. The furnace is 
equipped with two cooling-loop heat exchangers on 
opposite sides to each other. Water is supplied to the 
heat exchangers at a constant inlet temperature and 
flow rate. These heat exchangers remove 4.5 kW, 4.83 
kW, and 4.32 kW of heat on average for the 
combustion of CO2 carried brown coal, CO2 carried 
black coal, and N2 carried brown coal, respectively.  

The mole fractions of O2, CO, and NO in the 
exhaust are measured using a TESTO Model 350XL 
portable gas analyser. The absolute errors of these 
measurements, according to the manufacturer’s 
specifications, are ± 0.8% (by volume) for O2, ± 10 
ppmv for CO, and ±5 ppmv for NO of measured value. 

The internal temperatures of the furnace are 
measured on the centreline (𝑥𝑥 = 0 𝑚𝑚 ), across the 
height (𝑧 axis) of the MCF for all experiments. Furnace 
temperatures are measured flush with the inner surface 
using a 6-mm-diameter sheathed Nicrosil-Nisil (N-
type) thermocouple placed at 42.5 mm from the bottom 
of the furnace. Additional thermocouples with a 6 mm-

diameter bead made of Pt/Pt 13%Rh (R-Type) are 
inserted horizontally at heights of 142.5, 242.5, 342.5, 
442.5 and 542.5 mm. The exhaust gas temperature is 
measured at a distance of 100 mm from the furnace 
outlet with a stainless steel sheath type K (Ni–Cr) 
thermocouple. All temperature measurements are 
logged using a PC and USB-TC data logger.  

A cyclone-based ash collector was used to separate 
ash particle from the exhaust gas stream using cyclonic 
separation method.  

A sampling probe was developed for in-furnace 
sampling during MILD combustion. The probe 
consisted of three stainless steel concentric pipes, 
enabling cold water to circulate in the probe for rapid 
quenching of hot combustion gases. 

2.2 Characteristics of Coal 
Two different types of coal were combusted in this 

experimental work. The Kingston brown coal which is 
a low-rank and high volatile lignite while Bowen Basin 
black coal which is a high-rank and low volatile 
anthracite. The coal particles were milled and sieved 
into 38  𝜇m  <d  ≤180  𝜇m size range. Proximate and 
ultimate analyses of the coals are presented in Table 1. 
The gross dry calorific value of brown coal and black 
coal is found at 20.0 MJ/kg and 31.9 MJ/kg 
respectively. 

A coal feeder was specifically built for the purpose 
of decoupling the carrier gas flow rate from the solid 
particle supply rate. A small screw feeder that was 
operated using a stepper motor controlled the amount of 
coal, which was fed into the feeding chamber. The 
carrier gas was set at a constant flow rate.  

 
3. Results and Discussion 

 
Three different experiments were conducted using 

Kingston brown coal with either CO2 or N2 and Bowen 
basin black coal with CO2 as the carrier gas. The coal 
particles carried by CO2 or N2 were supplied through 
the centreline jet, while the combustion air was 
supplied through the four periphery jets. A summary of 
the operating conditions is shown in Table 2.  

 
Table 3: Analysis of coal (wt% dry basis) 

*balance 

Ultimate 
Analysis 

Kingston Brown 
coal 

Bowen Basin 
Black coal 

C 52.5 81.2 
H 3.6 3.6 
O* 17.73 3.47 
N 0.48 1.35 
S 4.09 0.58 
Proximate Analysis 

Fixed carbon 35.7 80.7 
Volatile matter 42.7 9.5 

Ash 21.6 9.8 

Fig. 1 Schematic diagram of the MILD combustion 
furnace and supply system 
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Fig. 4 Measured temperature profile at the centre (x= 0) along the horizontal distance (y-axis) at various vertical locations 
(z-axis) of the furnace 

Fig. 3 Temporal variations of O2, CO, and NO measured in 
the exhaust for CO2 carried coal MILD combustion  

 

 
3.1 Exhaust Emission 

A time history of the mole fractions of O2, CO, 
and NO in the exhaust for brown and black coal carried 
by CO2 are shown in Fig. 3. The measured CO levels 
of brown coal were generally higher in these 
experiments than the black coal. For an equivalence 
ratio of φ = 0.89 the CO levels were 4990 ppm but 
decreased at 2790 ppm at φ = 0.86 in the case of brown 
coal. For black coal, CO level was almost constant at 
450~500 ppmv. The higher CO emissions for brown 
coal is related to the more eminent char burnout of 
brown coal by the heterogeneous reactions between 
char (C(s)) and gaseous products (C(s) + 1/2O2→CO, 
C(s) + CO2→2CO, C(s) + H2O →CO + H2) of the 
combustion reaction. Consequently, the furnace 
temperature for this case was found lower due to the 
endothermic nature of the heterogeneous reactions. 
Minor variation in the feeding rate of the coal impacted 
on the equivalence ratio and the O2 concentration in 
exhaust. The CO levels of black coal did not change 
significantly with the change in equivalence ratio 
owing to the incomplete char burnout (this issue is 
further discussed later in this paper) and low volatile 
content. This suggests that increasing concentration of 
CO is related to the effect of coal chemistry rather than 
O2 levels. 

The measured NO emissions from these flames are 
listed in Table 2. For brown coal the measured NO is ≤ 
228 ppm while for black coal the value is ≤ 366 ppm. 
In particular, for an equivalence ratio of φ = 0.88, the 
NO measurements were 178 ppm for brown coal and 
320 ppm for black coal. It is speculated that higher 
flame temperature and higher nitrogen bounded in the 
fuel contribute to relatively higher NO emission for 
black coal.  

 
 

 
 
3.2 Furnace Temperature 

The measured mean temperature profiles for 
different conditions are shown in Fig. 4. The furnace 
temperatures are measured along the centreline and at 
50 mm and 100 mm left from the centreline in the 
furnace for each case. It is clear that the temperature is 
quite uniform with as little as 100 K difference along 
the furnace. This semi-uniform temperature is a feature 
of MILD combustion and results from the strong 
recirculation of hot products and the reactants. In Fig. 4 
(a) for brown coal carried by CO2 case the furnace has 
lower temperatures than the other cases. This difference 
could be related to the slower heat release due to the 
high production of CO from the char burnout of brown 
coal carried by CO2.  

 
3.3 In-Furnace Sampling 

Figure 5 shows the comparison of in-furnace NO 

mole fraction by volume between brown coal and black 

coal 
com
bust
ion 
und

er 
MIL

D 
con

ditio

Parameter CO2 Carried 
Brown Coal 

CO2 Carried 
Black Coal 

N2 Carried 
Brown Coal 

Thermal input (kW) 14.5-15.2 14.7-15.8 14.5-15.9 
Equivalence ratio, φ 0.86-0.90 0.85-0.91 0.86-0.92 

Central fuel jet velocity (m/s) 7.92 7.92 10.43 
Periphery air jet velocity (m/s) 86.2 86.2 86.2 
Measured CO in the exhaust (ppmv dry) 2790-4996 331-547 1661-5179 
Measured NO in the exhaust (ppmv dry) 178-228 296-366 164-236 

Table 2: Operating parameters and resulting emissions for MILD combustion using pulverised coal 
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n along the vertical direction (z axis) of the furnace. 
From the Fig. 5 (a) it is shown that when burning 
brown coal carried by CO2, NO formation at the top 
portions of the furnace is consistent, ~400 ppm, while 
at the bottom (z = 42.5 mm) of the furnace NO mole 
fraction is decreased to 210 ppm near to the exhaust 
port (y = 50 mm). As the top part of the furnace is 
known to have recirculating products this result points 
to the reburning of NO. In case of black coal carried by 
CO2, shown in the Fig. 5 (c), NO mole fraction in the 
furnace changes marginally and the level at the bottom 
of the furnace is around 350 ppm which is similar at 
exhaust for black coal combustion. For brown coal 
carried by N2 the lowest NO mole fraction, ~173 ppm, 
was recorded at the centreline (𝑥𝑥 = 0,𝑦𝑦 = 0) of 142.5 
mm height of the furnace that may be attributed to the 
reburning mechanism which depends on the NO 
recombination with hydrocarbons. 

Figure 6 shows a comparison of in-furnace CO 
mole fraction between brown coal and black coal 
combustion. For brown coal high mole fraction of CO, 
~3.5-5%, was measured at the lower portion of the 
furnace due to the early volatile matter combustion. It is 
remarkable that at the middle parts of the 
furnace (𝑧 =342.5 𝑚𝑚), CO levels are found lowest, 
that suggests almost all of the fuels are being consumed 
here. On the other hand, for black coal in the Fig. 6 (c) 
CO mole fraction is found as not more than 0.5%. A 
large difference of CO production is mainly related to 
the char burnout phenomenon as large part of CO is 
produced from char burnout. By analysing the ash 
content of char from two different types of coal, it was 
found that only 38.9% carbon was consumed for black 
coal with CO2, while for brown coal with N2 and CO2 
as carrier gas show 91.7% and 83.04% carbon 
consumption in the furnace, respectively. Black coal 
produced small amount of CO because of the lowest 
char burnout. It is clear that residence time is not 
sufficient for the black coal case.  

4. Conclusions 

 
This paper reports on the successful burning of 

brown and black coal in a laboratory-scale furnace 
operating under MILD combustion. Results point to a 
major difference between the two coals and minor 
differences associated with the carrier gas. Results 
indicate that there is a strong NO reburning reaction 
inside the furnace and a relatively low emission in the 
exhaust. Ash content analysis of char showed that black 
coal was not burnt effectively, which is thought to be 
due to the relatively short furnace residence times. 
Further work is planned to better understand the 
devolatilisation region under MILD condition using 
advanced non-intrusive laser based techniques. 
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Abstract 
The moderate or intense low-oxygen dilution (MILD) combustion regime is a promising technology that operates at high 

combustion efficiency and lessens pollutant emissions.  This numerical study of a parallel jet recuperative MILD combustion furnace 
investigates the effects of coal particle size and inlet air momentum on furnace dynamics and global CO emissions. It is found that 
coal particle size affects the coal penetration depth within the furnace and the location of a particle stagnation point. The effects of air 
inlet momentum are tested in two ways, first by raising the inlet temperature at constant mass flow rate, and second by increasing the 
mass flow rate at constant temperature. In both cases, increasing the air jet momentum broadens the reaction zone and facilitates 
MILD combustion, but also increases CO emissions due to lowered reaction rates.  

 
Keywords: MILD combustion, coal combustion, jet momentum, CO 
 

 

1. Introduction 
Moderate or intense low-oxygen dilution (MILD) 

combustion is known to reduce pollutant emissions 
while improving energy efficiency. This combustion 
technique has been the subject of many studies, and is 
reviewed by Cavaliere et al. [1] and Li et al. [2] As coal 
is one of the most common and prevalent fossil fuels, 
studies on its application to MILD combustion 
technology are imperative. Still, MILD combustion of 
coal has received little attention among the industry and 
research communities. 

A number of experimental studies have been 
conducted on the Adelaide MILD combustion furnace. 
One study focuses on NOx scaling in the MILD 
combustion of natural gas, finding neither chemical nor 
mixing timescales controlled NOx formation [3]. Later 
research with this furnace shifts towards stability studies 
and reports a critical ratio between air and fuel jet 
momentum that separates conventional and MILD 
combustion [4]. Other works with this furnace include 
experiments and simulations of premixed MILD 
combustion [5], oxy-fuel combustion [6], and biomass 
combustion [7]. In all cases where MILD combustion is 
successfully achieved, the authors report low NOx and 
CO emissions, uniform and low combustion 
temperatures, and no visible flame. 

Other research groups have performed experiments 
and simulations of MILD coal combustion. Stadler et al. 
[8] show experimentally and numerically that MILD 
combustion of coal yields lower NOx emissions than 
conventional burners. Vascallari et al. [9] numerically 
test several turbulence-chemistry interaction models and 
report that the finite rate Eddy Dissipation Concept gives 
the best predictions to their experimental results. 

This paper, while computational in nature, serves as 
a precursor for experimental work on MILD coal 
combustion in the Adelaide MILD combustion furnace. 
First, the furnace geometry, meshing, and all numerical 
models used are discussed. Then, results from 7 cases of 
simulations with different air inlet momenta and fuel 
particle momenta are presented and discussed.  

 

2. Mild Combustion Simulations 

2.1 Furnace Geometry and Mesh 
The furnace modeled in this paper is the Adelaide 

MILD combustion furnace [3-4]. This recuperative 
furnace includes a central fuel jet (7.5 mm diameter) 
parallel to four air jets (4 mm diameter) and four 
exhausts (26.4 mm diameter),  and two heat exchangers.  

 

 
Figure 1: Side view (left) and top view (right) of the furnace modeled. 
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This study uses a 3D, structured, hexahedral mesh of 1.1 
million cells, and models one quarter of the furnace 
geometry (Fig. 1). This simplification reduces 
computational expense but requires an assumption of a 
constant surface temperature of the heat exchanger. This 
approximation has little effect on furnace kinetics. 

2.2 Numerical Models 
All simulations presented in this work solve the 

steady Reynolds Averaged Navier Stokes (RANS) 
equations in the ANSYS Fluent v. 14.5 code. For 
consistency with previous numerical studies on this 
furnace, RANS equation closure uses the 2-equation 
realisable k-ε turbulence model [10] with the SIMPLE 
algorithm for pressure-velocity coupling. Coal particles 
are treated as a discrete phase and are tracked using a 
deterministic Lagrangian approach [11] to update 
particle source terms. Radiation modeling uses the 
discrete ordinates model [12]. All spatial discretisations 
follow the first order upwind scheme. Simulations are 
run using the Tizard supercomputer at eResearch SA on 
24 cores, which took 720 hours for the base case and 
approximately 340 hours for each subsequent case.  

2.3 Chemical Mechanisms and Models  
The combustion model uses finite rate chemistry 

with the Eddy Dissipation Concept model [13] for 
chemistry-turbulence interaction. The multiple surface 
reactions combustion model is used for a 6-reaction 
chemical mechanism, which includes volatile 
combustion and char burnout: 
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𝐶𝑐ℎ𝑎𝑟 + 𝐶𝑂2 → 2𝐶𝑂 (4) 

 
 

𝐶𝑐ℎ𝑎𝑟 + 𝐻2𝑂 → 𝐻2 + 𝐶𝑂 (5) 

 
 

𝐻2 + 
1
2
𝑂2 → 𝐻2𝑂 (6) 

 
Variables x, y, z, l, and n are found from the ultimate 
analysis of the coal used (refer section 2.4). Refer to 
Table 1 for the Arrhenius coefficients.  
 
2.4 Coal Characteristics 
Coal characteristics follow proximate and ultimate 
analyses of Kingston brown coal (Table 2) with a 
calorific value of 20.0 MJ/kg. Particle sizes range from 
38 to 180 µm in diameter and follow a Rosin-Rammler 
distribution. Coal devolatilisation follows a single-rate 
model according to Kobayashi et al. [19], using 
Arrhenius coefficients of A = 6.6×104 s-1 and Ea = 
1.06×105 J/kgmol. 

 
Table 1: Arrhenius coefficients for reactions (1-6).  

Reaction A Ea (J/kgmol) Reference 
(1) 4.84×107 5.1×107 [14] 
(2) 1.3×1011 1.26×108 [15] 
(3) 0.005 7.4×107 [16] 
(4) 0.00635 1.62×108 [17] 
(5) 0.00192 1.47×108 [17] 
(6) 9.87×108 3.1×107 [18] 

 
Table 2: Proximate and ultimate analyses (%db) of coal used. 

Proximate analysis   Ultimate analysis  
Ash 21.6  C 52.5 
Volatiles 42.7  H 3.60 
Fixed Carbon 35.7  O 17.73 
   N 0.48 
   S 4.09 

 
Table 3: Summary of cases. 

Case Particle 
diameter (µm) Air temperature (K) Air mass flow  

rate (g/s) 
1 38-180 300 1.27 
2 38 300 1.27 
3 180 300 1.27 
4 38-180 400 1.27 
5 38-180 500 1.27 
6 38-180 300 1.48 
7 38-180 300 1.77 
 

2.5 Simulation Parameters and Cases  
For all simulations in this paper, the fuel stream has 

a mass flow rate of 0.236 g/s of coal in a carrier gas of 
CO2 at 7.79 m/s and 300 K. The cases of interest are 
summarised in Table 3. First, the influence of particle 
diameter is presented at a constant inlet fuel and air jet 
momentum ratio (cases 1-3). Second, the inlet air jet 
momentum is increased at constant mass flow rate 
through air preheating (cases 1, 4 and 5). Lastly, the inlet 
air jet momentum is increased at constant temperature by 
increasing the mass flow rate (case 1, 6 and 7). In all 
cases, fuel inlet temperature is kept at 300 K, and the 
wall and heat exchanger temperatures are held at 
constant values of 1150 K and 450 K respectively.  

3. Results and Discussion 
3.1 Effects of Coal Particle Diameter 
Comparison of the velocity fields for cases 1-3 show that 
the coal particle diameter has only a slight effect on 
furnace performance (results not shown for brevity). 
However, the particle tracks for these cases differ 
noticeably due to the higher Stokes numbers of larger 
(heavier) particles. In all cases, the momentum of the air 
jet dominates that of the fuel jet, creating a stagnation 
point some distance above the fuel jet, as shown 
pictorially in Fig. 2. The height of the particles’ 
stagnation point above the bottom of the furnace is a 
function of particle diameter: case 3 produces the highest 
particle stagnation point with the heaviest particles, case 
2 produces the lowest with the lightest particles, and case 
1’s stagnation point falls in between due to the 
distribution of particle sizes. It is important to note that 
the overall fuel jet momentum is the same in all cases. 
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Any differences between cases 1, 2 and 3 are solely due 
to each particle’s momentum. 

 
Figure 2: Recirculation pattern observed in the furnace. 

 

 
 

Figure 3: Temperature contours (K) on the symmetry planes for 
various particle diameters. 

 
In each case, devolatilisation occurs rapidly and is 

completed before the particles reach the stagnation point. 
After devolatilisation, MILD combustion proceeds in a 
manner similar to that of gaseous fuels with little 
influence from the particles: the high jet momentum of 
the air creates a strong vortex that entrains the gaseous 
volatiles which combust in a broad reaction zone, 
producing a nearly uniform temperature throughout the 
furnace. The different particle momenta among cases 1-3 
yield noticeably different temperature distributions 
above the fuel jet (Fig. 3). This is because heavier 
particles have more momentum and thus penetrate 
deeper into the furnace. Consequently, volatile release 
and combustion will occur further downstream. 

 
3.2 Effects of Inlet Air Temperatures 

Cases 1, 4 and 5 show the effect that increasing inlet 
air temperature has on furnace operation. Physically, 
these cases correspond to an increase in jet velocity by 
air preheating, which adds negligible heat (≤0.5%) to the 
system and results in similar temperature profiles.  In the 
same way that heavier particles have greater jet 
penetration, increasing the air jet momentum most 
noticeably lengthens the air jet cores. Figure 4 shows the 
mole fraction of O2 in cases 1, 4 and 5. It is clear that 
more O2 reaches the top of the furnace in the higher 
momentum cases. This has several significant 
implications on the kinetic rates of reactions (1) and (2). 

As seen in Fig. 5, increasing the air jet momentum  
 

 
Figure 4: Mass fraction of O2 contours on the symmetry planes. 

 

 
Figure 5: Contours of rates of reaction 1 (mol/m3s) on the 

symmetry planes. 
 

 
Figure 6: Contours of rates of reaction 2 (mol/m3s) on the symmetry 

planes.  
 
increases the combustion rate of volatiles (1) in the fuel 
jet. Because this reaction depends on local O2 
concentration, this increase in reaction rate is due to the 
increased circulation of air and higher concentration of 
O2 near the fuel jet. Figure 6 shows that increasing the 
air jet momentum diminishes the oxidation rate of CO, 
but broadens its reaction zone to nearly the entire 
furnace in case 5. While this does promote MILD 
combustion, in this furnace it also shifts the reaction 
zone downward into the exhausts pipes. The result is that 
more CO escapes the furnace for higher inlet air 
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momentum. For cases 1, 4 and 5, their CO emissions are 
1010, 1120, and 1600 ppmv, respectively. 
 

 
Figure 7: Contours of the kinetic rate of reaction 2 (mol/m3s) on 

the symmetry planes. 
 

3.3 Effects of Inlet Air Mass Flow Rates 
Cases 1, 6 and 7 show an increase in air jet 

momentum by increasing the air mass flow rate. As with 
the other cases, longer air jet penetration lengths are 
observed. In cases 6 and 7, volatiles combust quickly 
upon release from the coal due to the increased O2 levels 
throughout the furnace in the same way as in case 5. 

Despite running under leaner conditions, 
significantly more CO exits the furnace in case 7. For 
cases 1, 6 and 7, their respective CO emissions are 1010, 
1360, and 6910 ppmv. This increase is explained by the 
reaction zones of reaction 2, shown in Fig. 7. As with 
case 5, increasing the inlet air momentum in case 6 leads 
to a broader, more uniform reaction zone and a small 
increase in CO emissions. In case 7, the air jet 
momentum is so strong that reaction 2 mostly only 
happens in or near the exhaust pipe, which accounts for 
the drastic increase in CO emissions. Although volatile 
species can combust properly, the momentum of the air 
jet is too high to entrain and oxidise CO.  

4. Conclusions 
Simulations of a recuperative MILD combustion 

furnace were performed to study the effect of increasing 
the air jet momentum and coal particle momentum on 
furnace dynamics and global emissions. In all cases, 
volatiles are released in the fuel jet and carried by a 
strong vortex induced by the air jets in a manner similar 
to gaseous MILD combustion. The most significant 
impact of increasing the air jet momentum, either by 
raising the temperature or by raising the mass flow rate, 
is an increased air jet penetration distance. This 
facilitates volatile combustion and leads to more uniform 
reaction zones, except in case 7, where the reaction zone 
is limited to the base of the furnace. This results in 
insufficient mixing and increased CO emissions, despite 
leaner operating conditions. The most significant 
impacts of adjusting the coal particle size are the jet 
penetration distance and the location of the stagnation 
point. This modifies the temperature distribution above 

the fuel jet, but it has little impact on achieving MILD 
combustion. While the results of these simulations are 
specific to the Adelaide MILD combustion furnace, they 
suggest that future experiments must pay special 
attention to the relative momentum of the air jets, fuel 
jets, and coal particles to ensure proper mixing, 
combustion, and circulation. The results may also be 
helpful in designing new, but similar, recuperative 
furnaces.  
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Abstract 
Circulating fluidized-bed (CFB) technology is a very promising coal combustion technology for cleaning flue gases, leading to large 
reductions of SO2 and NOX emissions in flue gases. The technology is versatile, allowing the utilisation of various low grade fuels for 
electric power generation. In the CFBC boiler, powdered coal is burnt in the presence of ground limestone which is used as a sorbent 
of SO2 at 850–900 °C, well below typical pulverised coal combustion temperatures of 1200–1400 °C. In order to increase the 
efficiency of SO2 removal, typical Ca/S molar ratios are maintained at 2–2.5. 
 
The solid inventory usually consists of crushed refractory or natural sand, and fuel-originated ash as single particles or attached on the 
sand particles, and sorbents such as limestone. Usually the operating temperature (bed temperature) of a FBC reactor is maintained at 
800-880 °C to optimise sulphur capture. This low-temperature range also avoids ash softening and minimises the production of 
thermal NOx.  Ash deposition may be an operational issue, the magnitude being largely governed by the coal quality, limestone 
characteristics as well as the combustion conditions (based on air flow distribution) in the boiler.  This paper describes a case study 
undertaken to investigate the causes of ash deposition in the superheater sections of two identical CFBC boilers. The paper also 
addresses the most probable mechanisms and explanations for the unusual sulphation phenomena seen in one of the CFBC plants. 
   
One sample each of the feed coal, limestone, several ash and deposit samples from different sections of both identical 125 MWe 
plants (CFBC 1 and CFBC 2) were taken for analysis. Sub-samples were taken of the coal sample for chemical analysis, to prepare a 
radiofrequency plasma mineral matter sample for X-ray diffraction analysis and to prepare the QEMSCAN™ (an automated electron 
beam image analysis technique) analysis mount. The limestone and ash samples were sub-sampled to provide material for chemical 
analysis, quantitative X-ray diffraction analysis and preparation of polished mounts for optical petrography and QEMSCAN analysis. 
The superheater deposit sample from CFBC2 showed complex layering and variation in the degree of induration. Consequently 
sixteen sub samples were taken for chemical analysis, quantitative X-ray diffraction analysis and preparation of polished mounts for 
optical petrography and QEMSCAN analysis.  
 
The analytical results show that the CFBC 1 ashes are unusual in the dominance of anhydrite to the almost complete exclusion of 
other calcium phases such as calcite, lime and portlandite, a characteristic which has not been previously reported in the literature. 
The CFBC 2 plant was selected for a comparative study as it is of a similar design, although the coal and limestone feeds have 
different characteristics. The results obtained from the CFBC 2 plant confirm that CFBC 1 is unusual in the chemistry and mineralogy 
of the ashes, although the nature of the superheater deposits from both power plants is similar with respect to mineralogy and texture. 
The possible factors which may contribute to these differences in ash characteristics and subsequent ash deposition behaviour include 
variation in operating conditions, differences in coal properties and differences in limestone characteristics. From information 
supplied by the power station operators, it would seem that operating conditions of both power plants are similar so variation in 
operating parameters is unlikely to be a significant factor. The sulphur content of the CFBC 2 lignite is much higher than that of the 
CFBC 1 lignite, being almost 3.5 times greater. The implication of this difference is that a higher rate of limestone consumption 
would be required for effective desulphurisation to occur. Unfortunately, although figures for limestone feed rates were supplied for 
the CFBC 2 plant, they are not available for CFBC 1 so a comparison cannot be made. Variation in limestone characteristics may also 
be an important factor. Particle size analyses of the two feed limestones shows the modal grain size of the CFBC 1 milled limestone is 
only 12µm, considerably smaller than the modal value of 38µm obtained for the CFBC 2 milled limestone. Although not strictly 
comparable with respect to sample location, it is interesting to note that the particle size of anhydrite as determined by QEMSCAN for 
the CFBC 2 cyclone sample is 32µm and for the CFBC 1 back pass sample 10µm, both of which are similar to the modal size values 
of the respective limestone feeds.  In contrast, the average anhydrite particle size in the air preheater, electrostatic precipitator zone 
and of the fly ash in the CFBC 2 samples is approximately 20µm, finer than the 40µm found in the economiser and fly ash samples of 
the CFBC 1 plant. This apparent coarsening in the back sections of the CFBC 1 plant suggest that winnowing of the finer anhydrite 
particles may have occurred by deposition of these fine particles on the boiler tubes. 
 
Keywords: Sintering, Sulphation, Fly ash, Fluidised bed, combustion 
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Abstract 
It has been well established by several researchers over the last few decades that the ash deposition on boiler components and 
associated equipment within a power utility is a significant problem. The build-up deposit causes several operational problems leading 
to unnecessary outages requiring periodic maintenance. The problems are much more pronounced when ash blockages occur on the 
heat recovery systems such as the air preheater. The purpose of an air preheater is to recover the heat associated with exit flue gases 
from the boiler mainly to enhance the thermal efficiency and control the heat likely to be lost in the flue gas. As a consequence of 
build-up of deposits, on these heat recovery systems, the heat transfer rates will be altered significantly, thereby reducing the 
efficiency of thermal boiler systems. 
 
In this study, an investigation was made of the air preheater of a typical 300 MWe local power utility located in Western Australia. 
The power utility employs a typical rotary preheater (mainly used for large water tube boilers) wherein hot flue gas flows through one 
portion of the wheel while cool, clean combustion air passes through the remaining portion. As the wheel revolves, the cold 
combustion air passes through these hot surfaces and becomes heated which is then sent to the burners to mix with fuel in the firebox. 
This preheater is often prone to ash build-up within short periods of operation, mainly due to the wet steam which comes from the 
soot blower steam supply and the accumulation of hardened ash with flow marks and dribbles. With an effort to upgrade the steam 
quality supply from the soot blower, the steam temperature is increased via mixing with the main steam to arrive at a mixed steam 
temperature of 360°C. This enables prolonged operation and the interval between air heater washes increases further. Despite these 
measures, hardened ash on the bottom cold side of the heat exchange system elements at the cold end basket is reported to occur in 
this utility. The top end of the elements appears to suffer less from ash blockage due to higher flue gas temperatures.  
 
Given these build-up issues in air heater sections, an investigation was carried out using detailed mineralogical analysis to understand 
the interaction between ash particles and the surface of the air heater elements (in terms of how it sticks initially and on the formation 
of subsequent ash layers) along with the deposit chemistry to establish the factors/mechanisms leading to the formation of hardened 
consolidated ash eventually causing blockages in the heat exchange elements. The study also examined other contributing factors and 
precursors for ash build-up as it is a well-known fact within the power generation industry that soot from diesel burn, moisture and 
flue gas temperature below the SO2 dew point are contributing factors. To enable these studies, several air heater deposit samples 
were collected in the selected regions of the air heater along with samples of the feed coal, bottom ash and fly ash for comparison of 
ash chemistry and mineralogy. The deposit samples were examined using a combination of ash chemistry and quantitative X-ray 
diffraction analysis; the ash samples by bulk chemical analysis to determine the major element chemistry and mineralogy by 
quantitative X-ray diffraction. Samples of the deposits were also analysed using optical microscopy and QEMSCAN, an automated 
electron beam image analysis system. 
 
Chemical and mineralogical analysis shows that the deposits are unusual in containing high amounts of sulphate, particularly of 
aluminium and, to a lesser extent, iron, the chemistry and mineralogy being quite distinct from that of the parent fly ash. From the 
analyses it appears that the formation of the deposits is due to the high sulphate content which is acting as a cementing agent. There is 
an indication that temperature may be an important factor in formation of the deposits, decreasing temperature leading to the 
formation of sulphurous acid which then reacts with the reactive glassy amorphous fly ash phase to form the aluminium and iron 
sulphates, The dominance of aluminium sulphates over iron sulphates is most likely due to the greater abundance of aluminium in 
comparison to iron in the reactive glassy phase.  
 
To test the above hypothesis a series of dew point calculations were performed using historical information supplied by the utility on 
sulphur in coal and SOx in flue gases. All the dew point calculations were performed utilising Okkes method based on the partial 
pressures of gaseous species. Information provided by the utility in a private communication indicated that temperature in the air 
heater may vary from ambient to the flue gas temperature of 150°C depending upon movement of the secondary air hood. Therefore, it 
is possible that condensation may indeed occur as indicated by the dew point calculations which show that condensation is possible 
over a temperature range of 132 – 152°C depending on gas composition. Another contributing factor may be the possibility that the 
initial burst of superheated steam used for soot blowing could be wet. There is little evidence that unburnt carbon arising from the 
initial use of diesel oil firing has any significant influence on deposit formation as total carbon values of the deposit samples are low 
(0.1-0.2 wt% being comparable to that found in the fly ash). Although unburnt carbon values are higher in primary cold end hood (3.8 
-8.7 wt%), it is considered that sulphate is still the primary cementing agent as postulated for the other samples. However, the 
possibility that unburnt carbon may have played a role in the formation of primary cold end hood sample which cannot be entirely 
discounted but would require a more comprehensive sampling program in order to establish its relative importance.  
Keywords: Ash, Deposition, Air heater, Boiler, Combustion, Sulphate 
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Abstract 
In this paper, the sensitivity analysis has been performed for a 600 MW oxy-fuel power plant system with the recirculation of 

dried flue gas. The sensitivity analysis focused on the influence of a variety of factors, including flue gas recirculation rate, air leakage 
ratio, condensation temperature of wet flue gas, oxygen distribution ratio between primary and secondary gases. For each factor, its 
influence was evaluated on the changes of component gases, net electric efficiency and the power consumptions of some important 
auxiliaries. These influence factors on plant net electric efficiency have also been assessed for three different flue gas recirculation 
modes: fully dry, half-dry and wet. As has been confirmed, air leakage has the greatest influence for all the three flue gas recirculation 
modes. The other factors that are also influential include oxygen concentration from ASU, oxygen excess ratio, and gas leakage in gas 
preheater. Avoiding air and gas leakages is the key point when designing an oxy-fuel boiler.  

 
Keywords: Oxy-fuel, Sensitivity analysis, Efficiency, Supercritical. 
 

 

1. Introduction 
Global warming has been seen as a major threat to 

the existing way of life of the mankind. According to 
International Energy Agency, 80% of the total world 
energy is derived from the combustion of fossil fuels. 
The carbon dioxide (CO2) released in year 2005 was 28.1 
billion metric tons and is expected that global emissions 
will rise up by 51% to 42.3 billion metric tons by 2030 
[1]. Oxy-combustion, oxy-fuel combustion, is one of the 
leading options for low emission power generation in 
next generation. In addition, compared to the post-
combustion and pre-combustion options, oxy-fuel 
technology is considered as the easiest option which only 
requires less infrastructure modification for the exiting 
pulverized-coal-fired power plant.   

Up to now, a number of researches have been 
conducted regarding the feasibility and process 
simulation for a retrofitted and/or purpose-designed oxy-
fuel power plant. Rodewald [2] in 2005 simulated a 
whole oxyfuel cycle with realistic boundary conditions 
using Aspen Plus. Hong [3] employed both Aspen Plus 
and Thermoflex to simulate the pressurized oxy-fuel 
combustion power cycle. A sensitivity analysis was 
conducted to evaluate the influence of individual 
operating parameters. Xiong [4] has completed a process 
simulation work on an 800 MW supercritical oxy-
combustion power plant. Xiong [5] also conducted an 
exergy analysis on oxy-combustion system to further 
understand the thermodynamic characteristics of oxy-
combustion process. Marion [6] discussed five possible 
locations where oxygen could be introduced. Kakaras [7] 
has evaluated the economic implications of an oxy-fuel 
application in a lignite-fired power plant. However, few 
of the studies mentioned above have explored the 

sensitivity analysis of the performance of an oxy-fuel 
power plant upon the changes on the plant operating 
parameters such as flue gas recirculation mode.  

In this paper, a comprehensive sensitivity analysis 
was performed for three flue gas recirculation modes, 
fully fried, half-dried and wet flue gas. Moreover, a 600 
MW power plant with the use of half-dried recycled flue 
gas was chosen to evaluate the influence of a variety of 
factors.  

2 Simulation of power plant system and 
assumptions 

The air-firing and oxy-fuel power plant systems 
were simulated using THERMOFLEX 23 [8]. 

A reference (air-firing) power plant and its 
corresponding oxy-fuel power plants were simulated for 
a 600 MW unit. The boiler of the reference power plant 
used is a black coal-fired supercritical pulverized coal 
power plant unit, with a single reheater and eight feed 
water heaters with steam extraction from the steam 
turbine. The air excess ratio applied in the furnace of the 
reference power plant is 1.2. The air leakage coefficient 
was set at 8%. 

Three flue gas recirculation modes were considered 
for the oxy-fuel power plant, i.e. fully dried, half dried 
and wet flue gas with no condensation. The recirculated 
flue gas is termed RFG for short in this paper. The 
schematic representations of the three systems are shown 
in Fig. 1, 2 and 3, respectively.  

In the dry flue gas cycle system, the recycled flue 
gas, entering primary and secondary fans, are both 
processed through component “FGD” for 
desulphurization, water condensation and dust removal. 
However, in the half-dry flue gas cycle system, only the 
flue gas entering the primary fan is processed through 
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“FGD” for purification, whereas the flue gas recycled 
into the secondary fan is the hot flue gas extracted after 
the ESP. In the wet RFG system, a component “HX2” is 
installed to meet the design temperature and volume flow 
rate in the coal mill system. Gas preheater is omitted and 
both the primary and secondary fan flows are directly 
injected into the furnace after mixing with oxygen-rich 
gas from ASU. 

Some authors [9] proposed that, for the oxy-fuel 
unit, the excess oxygen ratio was reduced to 1.05–1.07. 
In this paper, the excess oxygen ratio into furnace was 
chosen as 1.05 with a variation from 1 to 1.1. 
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Figure 1 Schematic of dry RFG boiler system 
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Figure 2 Schematic of half-dry RFG boiler system 
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Figure 3 Schematic of wet RFG boiler system 

3. Sensitivity comparisons of net electric 
efficiency for three types of oxy-fuel power 

plant systems 
The results of efficiency sensititivities for three systems 
are shown in Fig. 4. The efficiency sensitivity of flue gas 
recirculation rate becomes greater with the flue gas 
recirculation mode shifting from fully dried mode to wet 
flue gas. For the dry RFG system, the 1% increment on 
the amount of recycled flue gas mainly results in the loss 
of the efficiency during moisture removal in FGD. For 
the wet RFG system, however, the increased net 
efficiency corresponds to a higher temperature for its 
recycled flue gas. For the oxygen concentration from 
ASU, the difference among three systems is attributed to 
the different gas leakage ratios in the gas preheater, 
which is also the main reason explaining the influence of 
air leakage into furnace and gas leakage in gas preheater. 
For the excess oxygen in furnace, its large efficiency 
sensitivity is induced by the great variation of ASU 
power consumption for oxygen separation. For the 
temperature regarding flue gas condensation for moisture 
removal, the dry RFG system takes more heat away from 
the system than the half-dry system, thereby carrying a 
larger efficiency sensitivity for the dry RFG system. The 
sensitivity of oxygen concentrations distributed ratio has 
a great difference for both dry RFG and half-dry systems. 
With more oxygen-rich gas being introduced into 
primary fan, the efficiency of the dry RFG system is 
improved, whereas the efficiency for the half-dry system 
drops remarkably. 

The air leakage into furnace has the greatest 
influence on the efficiency sensitivity, regardless of flue 
gas recirculation mode. Besides, the influences of oxygen 
concentration from ASU, excess oxygen in furnace and 
gas leakage in gas preheater are also non-negligible. The 
influence of flue gas recycle rate is not great. In these 
factors, air leakage into furnace and gas leakage in gas 
preheater are most influential, which suggests that 
avoiding air and gas leakages as much as possible is a 
key point when designing an oxy-fuel boiler.  

 

 
Figure 4 Sensitivity comparisons of net electric 

efficiency for three systems per unit change 
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4. Sensitivity analysis of a half-dry RFG 
system 

In this section, the sensitivity analysis was 
performed based on the half-dry RFG mode. The air 
leakage ratio was first set as zero to assess the influence 
of other factors. Based on the optimised values for the 
other factors, the air leakage ratio was evaluated 
secondly. The design parameters for the first step are 
shown in Table 1. The temperature of flue gas after the 
outlet of FGD is dropped to 50oC by an additional heat 
exchanger “HX” to remove a portion of water in the flue 
gas. 

Table 1 Thermal and design parameters of the half-dry 
RFG oxy-fuel power plant 

Item Value 
Oxygen concentration in 

furnace 30% 

Excess oxygen ratio in 
furnace 5% 

Air leakage ratio into 
furnace 0% 

Oxygen concentration from 
ASU 95% 

Gas leakage ratio of Gas 
preheater 8% 

4.1 Flue gas recirculation rate 
Flue gas recirculation is an important characteristic 

for oxy-fuel power plant. The flue gas recirculation rate, 
denoted Rc , is a critical control means for boiler 
operation adjustment. The 2O  concentration in an oxy-
fuel furnace usually remains at 27%, even 30% and 
above [10]. 

 
(a) 

 
(b) 

Figure 5 The influence of flue gas recirculation rate 
The main results are shown in Fig. 5. With 

increasing 2O  concentration in the furnace, both the Rc -

hot (for flue gas to secondary fan) and Rc -cold (for flue 
gas to primary fan) decrease, in panel (a). The variation 
of Rc -hot is obviously much greater than that of Rc -
cold. The volume flow rate variation of flue gas into 
furnace, in panel (b) is mainly reflected by the hot flue 
gas recirculated to the secondary fan. The secondary gas 
fan for hot flue gas requires the largest energy 
consumption, which is decreased remarkably by 
increasing the oxygen concentration in the boiler. This is 
beneficial for improving the energy efficiency of the oxy-
fuel plant.  

4.2 Air leakage into furnace 
The calculation was performed with all design 

parameter remaining unchanged except air leakage rate. 
The flue gas after the gas preheater was selected to reflect 
the influence of air leakage into furnace. As shown in 
figure 6 (a), with increased air leakage rate, the 
concentration of 2N  in flue gas is increased linearly and 
rapidly, as expected. Consequently, the CO2 purity in 
flue gas deceases remarkably. 

 
(a) 

 
(b) 

Figure 6 The influence of air leakage ratio into 
furnace 

With fixed excess gas ratio and flue gas 
recirculation rate, the increased air leakage into furnace 
means less flue gas recycled back into the furnace. Since 
the 2O concentration in the leaked air is much higher than 
in the recirculated flue gas, less oxygen is thus required 
to be generated from the ASU, which in turn shows a 
decreased power consumption with increasing the air 
leakage rate in Fig. 6(b). The rapid increase of the 2N
concentration directly induces a rapid increase of volume 
flow rate of flue gas into 2CO  compressors. The power 
consumption of 2CO  compressor thus increases more 
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rapidly than the decrease of ASU power consumption. 
The total plant auxiliary power consumption increases 
and the net electric efficiency decreases. 

4.3 Flue gas condensation temperature 
For the half-dry RFG mode, the moisture in the 

primary flue gas is condensed prior to entering the mill 
system to mix with coal particles. In the simulation 
process, the wet type FGD with a limestone forced 
oxidation system was adopted to achieve the moisture 
condensation. 

With increasing the FGD exit flue gas temperature 
from 50 oC to 80 oC, the concentration of OH2  in flue 
gas increases, whereas the concentration of 2CO  
decreases. Obviously, the partial pressure of OH2  vapor 
in flue gas into primary fan increases when the 
temperature for flue gas moisture removal rises, which is 
the main reason for leading to the change on the 
concentrations of some component gases. 

The total power consumption of the three fans 
increases slightly with increased temperature of moisture 
removal. The power consumptions for ASU and two 

2CO  compressors are also increased slightly. This in turn 
decreases the net electric efficiency. 

With increasing in the temperature of moisture 
removal, both the concentrations of OH2  (vapor) in flue 
gas before and after the water removal, also increase 
remarkably, as shown in Fig. 7. With employing wet type 
FGD, the flue gas leaves the scrubber with much 
moisture. In fact, the moisture removal in FGD occurs in 
a saturation-removal way. With the temperature for exit 
flue gas rising to 70 oC and above, the “after” 
concentration is increased much faster than that of 
“before”. As a result, the moisture in flue gas is actually 
increased, rather than being removed.  In this sense, the 
flue gas temperature has to remain reasonably low. 

 
Figure 7 The influence of temperature of moisture 

removal 

5. Conclusion 
       In this paper, the sensitivity analysis has been 
performed for a typical oxy-fuel power plant system of 
600 MW. 
       Flue gas recirculation rate has marginal effect on the 
net efficiency. The net electric efficiency is slightly 

dropped with increased flue gas condensation 
temperature. When using wet type FGD to desulfurize 
and remove moisture, a proper Flue gas condensation 
temperature needs to be chosen to achieve an effective 
condensation of moisture removal. With increased 
concentration of O2 in primary fan, the net electric 
efficiency drops considerably, which suggests that 
oxygen should be introduced into the secondary fan as 
much as possible. Meanwhile, this also satisfies the 
requirements of reducing the safety risk of high 2O  
concentration in mill system. This is a distinct advantage 
of the half-dry oxy-fuel boiler systems. 
       The influences of some important factors on the 
sensitivities of net electric efficiency for the dry, half-dry 
and wet RFG oxy-fuel power plant systems have been 
performed. These factors have various influences on 
efficiency mainly through the power consumptions of 
fans, ASU and 2CO  compressors. Air leakage into 
furnace has the greatest influence, regardless of flue gas 
recirculation mode. Besides, the influences factors of 
oxygen concentration from ASU, excess oxygen in 
furnace and gas leakage in gas preheater are also non-
negligible. Avoiding air and gas leakages are key points 
when designing an oxy-fuel boiler.  
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Abstract 
The effect of coal particle size, compaction pressure of ash pellet and gas flow rate on the ash sintering temperature of an Indonesia 
coal was investigated. The ash sintering temperature in air was measured using a pressure-drop sintering device. A new criterion of 
the ash sintering temperature based on the first-order and second-order derivative of the pressure-drop was proposed. It was found that 
the new criterion was more appropriate than the one widely used in the literature to define the ash sintering temperature. Experimental 
results showed that the ash sintering temperature decreased with increasing the ash pellet compaction pressure and the gas flow rate 
and with decreasing the coal particle size.  
 
Keywords: Ash Sintering Temperature; Coal Particle Size; Compaction Pressure; Gas Flow Rate; Pressure-drop 
Technique  
 

 

1. Introduction 
 
Ash sintering is a major contributor to ash related 

operation problems in coal-fired utility boilers such as 
slagging, fouling and agglomeration [1, 2]. These 
problems can affect operation stability and lead to 
unplanned plant outages, causing millions of economic 
loss if they are not properly treated [3]. Thus, the 
determination of the ash sintering temperature, which 
represents the temperature for the onset of ash 
sintering, is important and necessary.  

Various experimental techniques, such as thermal 
conductivity analysis (TCA), thermo-mechanical 
analysis (TMA), heating microscopy, compression 
strength (CS) and pressure-drop technique, on the 
measurement of the ash sintering temperature were 
reported in the literature [4-6]. Among these, the 
pressure-drop technique stands out for its simplicity, 
high sensitivity and accuracy [4, 7].  

The accurate measurement of the ash sintering 
temperature using the pressure-drop technique is 
subjected to the experimental conditions such as the 
coal/ash particle size, compaction pressure during ash 
pellets preparation process and gas flow rate in the 
heating process. However, to the best knowledge of the 
authors, the effect of such experimental parameters on 
the ash sintering temperature is scarce. 

Meanwhile, in the literature, the widely used ash 
sintering temperature measured using pressure-drop 
technique is defined as the temperature where the 
pressure-drop across the ash pellet reaches to maximum 
[4,8]. However, this definition is questionable because 
it has been observed from the authors’ own experiments 
that the ash has already sintered prior to the pressure-
drop reached the maximum. 

This paper reports an investigation into the effect 
of coal particle size, ash pellet compaction pressure and 
gas flow rate on the ash sintering temperature using a 
pressure-drop sintering device. A new criterion of the 
ash sintering temperature has been proposed and 
compared with the definition widely used in the 
literature.  

2. Experimental 
2.1 Materials 

An Indonesian coal sample was divided into three 
portions, which were then grinded and sieved into three 
size fractions: less than 200µm, less than 150 µm and 
less than 50 µm, respectively. The corresponding ash 
samples were prepared according to Australian 
Standard 1038.3. The proximate analysis of the parent 
coal and chemical composition of the ash produced are 
shown in Table 1. 

 
Table 1 proximate analysis of coal sample and ash composition 

Proximate analysis wt% Ash composition wt% 

Moisture (a.r) 10.4 
SiO2 35.0 
Al2O3 32.0 

Ash (a.r) 7.5 
CaO 12.7 
Fe2O3 3.70 

Volatile Matter 
(a.r) 43.8 K2O 0.18 

MgO 5.77 

Fixed Carbon (a.r) 38.3 Na2O 0.94 
SO3 4.24 

 P2O5 1.16 
TiO2 2.42 

 
2.2 Experimental Setup 

The ashes were firstly compacted into pellets by 
using an ash pellet preparation device as schematically 
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shown in Fig.1. The device is mainly composed of a 
lever to produce pressure on the ash pellets and a holder 
to support the alumina tube. Two copper rods with 
5mm in diameter were inserted into the alumina tube to 
hold the ash pellet in the middle of the tube. At the end 
of the lever, a given weight was hanged so that the ash 
pellet could be compressed in the alumina tube. By 
changing the weight, different compaction pressures on 
the ash pellets were produced. Compaction pressure 
was calculated as P=L2mg/AL1, in which P is the 
compaction pressure of the ash pellet, A is the cross-
section area of the alumina tube, m the mass weight at 
the end of the lever, and L2 and L1 are the distances as 
shown in Fig.1. Different compaction pressures, 
namely 3.75MPa, 7.5MPa, 15MPa, 22.5MPa and 
30MPa, were chosen for the current experimentation.  

Fig. 1 A schematic configuration of ash pellet preparation device 
 
A pressure-drop sintering device was then used to 

measure the ash sintering temperature. Details can be 
found elsewhere [2,4]. The ash pellet produced was 
heated from room temperature at a heating rate of 
6.66°Cmin-1 in air atmosphere. The pressure-drop 
across of the ash pellet and the temperature of the ash 
pellet as a function of time were recorded using a 
pressure transducer and a thermocouple respectively. In 
order to investigate the effect of gas flow rate on the 
ash sintering temperature, the gas flow rate were varied 
from 0.5mlmin-1 to 3.5mlmin-1 with an interval of 
1mlmin-1. 

 
2.3 Definition of ash sintering temperature 

 
Figure 3 shows a typical pressure-drop curve as a 

function of temperature during heating process. The 
pressure-drop across the ash pellet is a function of the 
porosity and pore sizes within the pellet, the velocity 
and viscosity of the air passing through the pellet, 
which reflects the degree of packing of ash particles 
[4]. With increasing temperature, the viscosity of air 
increases while the porosity would decrease due to the 
thermal expansion of the ash particles, leading to less 
and narrower paths for the air to flow through. As a 
consequence, the pressure-drop across the pellet 
initially increases with increasing temperature. 
However, as the temperature further rises, the ash 
particles start to sinter and some ash particles would 
deform due to the formation of eutectics, and/or the 
shrinkage of closed pores. As a result, the rate of 

increase in the pressure-drop slows down until the 
temperature reached the point B when a large portion of 
ash particles has sintered so that the pellet could not 
hold the integrity in the structure, leading to the 
decrease in the pressure-drop across the ash pellet.  

In the literature, the ash sintering temperature (Ts) 
was defined as the temperature at point B, when the 
pressure-drop reached to the maximum [2,7]. However, 
as explained above, the ash sintering has already 
occurred at a temperature lower than Ts. 

Fig. 2 Pressure-drop curve as a function of temperature 
 
Therefore, a new definition of the ash sintering 

temperature was proposed. The original pressure-drop 
curve as a function of temperature was smoothed first 
using the adjacent averaging smoothing technique (data 
points of window was set to 100), and the first-order 
derivative was calculated as shown in Fig.4. The first-
order derivative curve was then further smoothed using 
the same technique with a data points of window of 5 to 
obtain the second-order derivative of the pressure-drop 
as a function of temperature as shown in Fig. 5, 
respectively. The temperature at the point A, which 
meets the following criteria, was defined as the ash 
sintering temperature (Ts’):  
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It is worth noting that sintering of ash particles is a 
process during which Ts’ is the temperature of the onset 
of the ash sintering process while Ts is the temperature 
when the ash sintering has proceeded to a certain 
degree and a large portion of ash particles has sintered. 
It is a fact that Ts’ was lower than Ts due to the 
different physical meanings of the two definitions as 
discussed above. The experimentation was repeated and 
Ts’ showed a good repeatability with an absolute error 
of ±5°C. 
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Fig. 3 First-order derivative curve of pressure-drop as a function of 

temperature 

 
Fig.4 Second-order derivative curve of pressure-drop as a function of 

temperature 

3. Results and Discussion 
 
3.1 Validation of the newly defined ash 
sintering temperature 
 

An ash pellet compacted at a pressure of 30MPa 
was heated in the pressure-drop sintering device with 
the air flow rate of 1.5mlmin-1 and the Ts and Ts’ 
measured were 918ºC and 850ºC, respectively. In order 
to validate the accuracy of Ts’, the same ash with the 
same particle size, was compacted at the same pressure 
and sintered in the pressure-drop sintering device to a 
final temperature of 870ºC under the same air flow rate. 
The temperature of 870ºC was chosen because it was 
lower than Ts and higher than Ts’. The ash pellet was 
held at 870ºC for more than 6000s to provide enough 
time for the ash to sinter. The pressure-drop change as a 
function of time was recorded as shown in Fig. 6. 

It can be seen that the pressure-drop was built up in 
the initial period at 870ºC and then gradually decreased 
at the time of approximately 1200s. This result suggests 
that the ash has already sintered at the temperature of 
870ºC because the pressure-drop would otherwise 
monotonously increase as a function of time if the ash 
sintering did not occur. It was confirmed from the result 
that Ts’ was more accurate than Ts to represent the 
actual ash sintering temperature. 

Fig.5 Pressure-drop change as a function of time at 870ºC 
 
3.2 Effect of ash pellet compaction 
pressure 
 

Fig. 7 shows the effect of the ash pellet compaction 
pressure on the ash sintering temperature. The two 
defined ash sintering temperatures were included for 
comparison.  

The ash sintering temperature (Ts’) decreased with 
increasing compaction pressure. The increase in the 
compaction pressure led to an increase in the contact 
area between adjacent ash particles. For ash particles, 
the increased contact area between adjacent particles 
facilitated the formation of eutectics. As a consequence, 
the ash particles were prone to start to sinter at lower 
temperatures at higher compaction pressures, and thus 
ash sintering temperature (Ts’) decreased as the 
compaction pressure increased. 

 
Fig. 6 Ash sintering temperature under different compaction 

pressures 
Conversely, Ts increased with increasing 

compaction pressure. This is associated with the 
physical meaning of Ts. Sintering of ash particles is a 
dynamic process and it requires some time for ash 
sintering to reach to a certain sintering degree that can 
result in the decrease in the pressure-drop across the 
ash pellet. The ash pellet compressed under higher 
compression pressure needed more time to reach the 
required neck shrinkage and new pathways, which 
resulted in higher Ts.  

 
3.2 Effect of gas flow rate 
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Fig. 8 shows two defined sintering temperature of 

the coal ashes under different gas flow rates. It was 
clear that the ash sintering temperature (Ts’) was 
slightly reduced as the gas flow rate increased under the 
experimental conditions. When the gas passed through 
the tube, it was retained by the ash pellet, leading to an 
increase in the pressure-drop across the ash pellet. With 
increasing the gas flow rate, the pressure-drop across 
the ash pellet would increase at a higher rate, which 
could in turn accelerate the eutectics formation, the 
mineral transformations and interactions. As a result, 
the ash sintering temperature decreased with increasing 
the gas flow rate. However, the decreasing tendency 
was not obvious because the gas flow rates used in the 
current study were relatively small. 

However, the Ts increased with increasing gas 
flow rate. Ts is defined as the temperature at the point 
that the pressure-drop across the pellet started to 
decrease. But the decrease in the pressure-drop across 
the ash pellet would not occur until a certain degree of 
ash sintering has reached, when enough pathways for 
the gas to go through have already formed as a result of 
particle deformation, eutectics formation and/or 
shrinkage of closed pores. Under higher gas flow rate, 
the pressure-drop across the ash pellet increased at a 
relatively higher rate, which suggests that a greater 
degree of sintering within ash particles was required to 
form more pathways to cause the decrease in the 
pressure-drop. As a result, the measured Ts increased 
with increasing the gas flow rate.  

 
Fig. 7 Ash sintering temperature under different gas flow rates  

 
3.3 Effect of coal particle size 
 

The effect of coal particle size on the ash sintering 
temperature was shown in Fig. 9. It is evident that Ts’ 
was slightly decreased with decreasing the coal particle 
size. For ash particles with smaller particle size, the 
specific surface and the absolute surface energy will be 
higher, thus eutectics formation and particle 
deformation are easier to occur. As a consequence, the 
ash with finer particle size commenced to sinter at 
lower temperature.  

It is also noted that Ts showed a similar tendency 
to Ts’ as a function of coal particle size. However, Ts 
was still higher than Ts’, which is due to the difference 
in the physical meanings of Ts and Ts’. 

 
Fig. 8 Ash sintering temperature as a function of coal particle size 

4. Conclusions 
 

A new criterion to define the ash sintering 
temperature was proposed based on the first-order 
derivative and second-order derivative of the pressure-
drop when using the pressure-drop sintering technique 
to measure the ash sintering temperature. The new 
criterion was compared with the one widely used in the 
literature and it was found that it was more appropriate 
to represent the onset sintering of coal ashes. 

Experimental results showed that the ash sintering 
temperature calculated using the new criterion was not 
affected by the gas flow rate, while decreased with 
increasing the ash pellet compaction pressure and 
decreasing the coal particle size.  
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Abstract 
Chemical looping combustion is a technology with higher system efficiency as well as the added benefit of inherent CO2 

capture. In this paper, the feasibility of using two different ranks of Chinese coal chars was investigated from experimental and 
analytical analyses in an iron-based CLC system. Experiments were conducted in a laboratory scale fixed-bed reactor with a 
synthetic Fe2O3/Al2O3 and a natural iron ore as oxygen carriers to study the effect of coal rank, oxygen carrier type and 
temperature. The findings confirmed the process of in-situ char gasification largely depended on the coal rank and the pore 
structure of oxygen carrier, and was less dependent on the Fe2O3 content in the oxygen carrier. The coal reactivity followed the 
trend of coal rank, with the lower coal rank having higher reactivity. Although Fe2O3/Al2O3 had a lower Fe2O3 content than the 
iron ore, it had a better pore structure which led to the gasification of the two chars in presence of oxygen carrier to have a higher 
CO2 concentration, higher carbon conversion and rate than the results with iron ore. The increase in operating temperature could 
enhance the reactivity of oxygen carrier with coal char, but a negative effect was also found on the pore structure of oxygen carrier. 

 
Keywords: CO2 capture, Chemical-looping combustion of coal, Coal rank, Iron-based oxygen carrier. 
 

 

1. Introduction 
 
It is acknowledged worldwide that power 

generation from the combustion of fossil fuels is one 
of the major contributors to CO2 emission. CO2 
capture and storage (CCS) is expected to prevent 
large amount of CO2 from being released into the 
atmosphere and thus lower the atmospheric CO2 
concentration. Chemical-looping combustion (CLC) 
is a novel combustion technology with high system 
efficiency and low cost to capture CO2 [1]. In CLC, 
the oxygen and the heat needed for fuel combustion 
are supplied by an oxygen carrier (OC), mostly 
metal oxides, circulating between fuel reactor (FR) 
and air reactor (AR). The products from the FR 
consist mainly of CO2 and steam, after condensation 
of steam, pure stream of CO2 can be obtained 
without incurring extra energy penalty. For a coal-
fuelled CLC process, two gas-solid reactions, i.e. 
coal gasification and the subsequent reduction of OC 
by coal gasification products are the major reactions 
occurred in the fuel reactor, whereas the direct solid-
solid reaction between coal and OC has little or no 
significance. In order to reduce the effect of coal ash 
on OC, ash separation from OC particles could be 
achieved by the difference density between coal ash 
and OC [2]. Of all the selected OCs, iron-based OCs 
have been shown to be a favorable option than other 
OCs due to its low cost and high reactivity.  

Research on different fuels (gaseous, solid and 
liquid) in CLC process has been investigated in past 

few decades. China’s coal production and utilization 
is one of the largest in the world and the coal 
resources cover the entire spectrum of coal rank. 
Each coal is different and the unique characteristics 
of Chinese coal are its high ash content, high ash 
fusion temperature, high inertinite content and low 
sulfur content, which is critical when considering its 
utilization. Therefore, the feasibility of using 
different ranks of Chinese coal is particularly 
important and necessary for the future application of 
CLC technology in China. In this paper, two 
different ranks of Chinese coal chars were tested 
with two iron-based OCs to investigate the effect of 
coal rank, OC type and temperature. The results 
would be meaningful with regards to coal selection 
and the preparation of high-performance OCs. 

2. Experimental section 

2.1 Materials 
  
      As the gasification characteristic varied with the 
coal rank [3], two coal chars from different ranks of 
Chinese coals, a Shenhua (SH) bituminous from 
Inner Mongolia and a Liuqiao (LQ) anthracite coal 
from Anhui province, were used as the solid fuels in 
this study. Proximate and ultimate analyses of the 
prepared coal chars are shown in Table 1. A 
physically mixed Fe2O3/Al2O3 with 60 wt% of 
Fe2O3 (denoted as Fe60/Al40) and a natural iron ore 
containing 84.26 wt% of Fe2O3 from Liaoning (LN) 
province of China were used as OCs. 
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Table 1 Proximate and ultimate analyzes of the coal chars 

  SH LQ 

Proximate 
analysis 
(ad, wt%) 

Moisture 0.83 0.72 
Ash 14.98 24.09 
Volatile 7.32 4.08 
Fixed carbon 79.87 76.11 

Ultimate 
analysis 
(ad, wt%) 

C 81.52 72.58 
H 1.30 1.93 
O 0.00 0.00 
N 0.68 0.05 
S 0.69 0.63 

2.2 Experimental setup and procedure  
 

Experiments were conducted in a laboratory 
scale fixed-bed reactor as shown in Figure 1.  
Detailed information of the reactor system could be 
found in another paper [4]. In each experiment, 32 
ml of quartz sand with the size range of 0.6-1.0 mm 
were firstly placed on the distributor, and then 40 g 
of OC with the size range of 0.09-0.18 mm was 
placed atop the quartz sand and heated in an N2 
atmosphere to the desired temperature. When the 
temperature was reached, the feed stream of N2 was 
switched to a mixture of 74% steam balanced by N2. 
Upon achieving stable experimental conditions, 0.3g 
char with a particle size of 0.125-0.180 mm were fed 
into reactor. The pre-determined char mass was to 
ensure that Fe2O3 could only be reduced to Fe3O4, 
as further reduction of Fe2O3 to FeO or elementary 
Fe would lead to uncompleted conversion of 
gasification products. When the product gas 
concentrations were below the detection limit of the 
gas analyzer, the reduction period was considered to 
be finished. After the reduction, 1000 ml/min N2 
was introduced for 10 min to avoid back mixing 
between reduction and oxidation. Then the N2 
stream was replaced by 5% O2 in N2 (1000 ml/min) 
to oxidize the OC. The oxidization period lasted for 
40 min to ensure that the reduced OC particles were 
fully oxidized to its original oxidation state. The dry 
flue gases from the reactor were sampled using 
gasbags and then immediately measured by an 
Emerson multi-component gas analyzer. After each 
experiment, the reactor was cooled in N2 
atmosphere and the reacted OC particles were 
collected for characterization. Each OC was tested 
for three consecutive cycles. The analytical 
equations used for data evaluation can be found in 
another paper [4]. 
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Figure 1. Schematic diagram of the fixed-bed reactor and setup 

3. Results and discussion 

3.1 Effect of coal rank  
As coal gasification is the limiting step in the 

coal-fueled CLC process [5], significant effort has 
been made to focus on the parameters that could 
help identify the difference in reactivity between SH 
bituminous char and LQ anthracite char, such as gas 
concentration and reaction rate. 

Figure 2 shows the real time concentration 
curves of outlet gases (CO, CO2, CH4 and H2) for 
SH bituminous char (Figure 2(a)) and LQ anthracite 
char (Figure 2(b)) at 940 °C with LN iron ore as the 
OC.  It can be seen that these two chars showed a 
similar behavior whereby the initial peaks of outlet 
gas concentrations emerged and then the 
concentrations decreased to zero for all outlet gases, 
indicating the end of the reduction stage. In contrast, 
some differences could also be observed between 
these two chars. One obvious difference was the 
initial peak of CO2, higher and wider, obtained 
when using SH bituminous char. In the subsequent 
char gasification stage, the CO2 concentration 
showed a gradually decreasing trend for SH 
bituminous char and a unimodal feature for LQ 
anthracite char. The time needed to complete the 
reduction reaction with SH bituminous char was 
about 20 minutes shorter than the time taken by the 
LQ anthracite char. No H2 gas was detected during 
the reduction process, indicating the complete 
conversion of H2 with Fe2O3 than that of carbon-
containing gases (CO and CH4) [6].  

Figure 3 shows the rate of char gasification for 
the chars tested with LN iron ore as a function of 
coal rank at 940 °C. It can be seen that the reaction 
rate was strongly dependent on the coal rank 
whereby the use of SH bituminous char resulted in a 
higher carbon conversion and a higher carbon 
conversion rate than LQ anthracite char. From this i- 

0 20 40 60 80 100
0

1

2

3

4

5

 CO
 CO2
 CH4

 

 

Ga
s c

on
ce

ntr
ati

on
 (%

) 

Time (min)

940 oC SH bituminous char(a)

 

0 20 40 60 80 100 120
0

1

2

3

4

5

 

 

Ga
s c

on
ce

ntr
ati

on
 (%

)

Time (min)

 CO
 CO2

 CH4

940 oC LQ anthracite char(b)

 

- 151 - 



 
Figure 2 Effect of coal rank on the outlet gas concentrations in the 

presence of LN iron ore at 940 °C 
nvestigation, it was found that the gasification of SH 
bituminous char by LN iron ore could obtain higher 
CO2 concentration, carbon conversion and reaction 
rate. Therefore, a preliminary conclusion can be 
reached that the reactivity of coal followed the trend 
of coal rank [7]. The lower the coal rank, the higher 
the reactivity of the coal. 
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Figure 3 Variation of carbon conversion rate versus carbon 

conversion for different coal chars at 940 °C 

3.2 Effect of OC type 
 
Figure 4 shows the concentration profiles of the 

outlet gases as a function of time for Fe60/Al40 OC 
reacting with SH bituminous char at 940 °C. 
Compared to the results of LN iron ore with SH 
bituminous char in Figure 2(a), one apparent 
advantage of Fe60/Al40 was the high purity of CO2 
produced and zero emission of combustible gases, 
indicating higher reactivity of Fe60/Al40 to oxidize 
the gasification product. The obtained high purity 
CO2 could potentially reduce the cost for CO2 
separation from other impure gases and allow for 
direct compression of CO2 for subsequent storage. 
Other differences observed with the use of 
Fe60/Al40 were the higher initial peak of CO2 and 
lower duration required for reduction compared to 
LN iron ore.   
       Figure 5 shows the reaction rate as a function of 
carbon conversion for both the tested OCs with SH 
bituminous coal at 940 °C. Similar to the effect of 
coal rank shown in the above section, the reaction 
rate between coal and OC was also strongly 
dependent on the OC dependent. Higher reaction 
rate and carbon conversion were obtained by 
Fe60/Al40. In summary, Fe60/Al40 as an OC shows 
great promise in terms of reactivity and follow-up 
tests will be conducted to comprehensively evaluate  
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Figure 4 Variation of outlet gas concentrations as a function of 

time with Fe60/Al40 as OC at 940 °C 
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Figure 5 Variation of carbon conversion rate versus carbon 

conversion for different OCs at 940 °C 
its cyclic performance, mechanical strength and 
lifetime in a lab-scale fluidized reactor in the future. 

3.3 Effect of temperature 
 

       In this section, four combinations were 
investigated: Fe60/AL40 with SH bituminous char, 
LN iron ore with SH bituminous char, Fe60/A40 
with LQ anthracite char, and LN iron ore with LQ 
anthracite char. Experiments with these four 
combinations were conducted at the temperatures of 
900 °C, 940 °C and 980 °C. 

Figure 6 shows the cumulative CO2 
concentration for all fuels and OCs tested with 
increasing temperature. It can be seen that 
Fe60/Al40 showed very promising results in 
converting gasification products to CO2 and H2O 
and pure CO2 could be obtained at all temperatures 
investigated for both the tested chars. While for LN 
iron ore, unconverted intermediate gasification 
products were detected at the outlet and the 
concentration of CO2 increased with the increase of 
temperature. With respect to the reactivity 
performance of these two chars, SH bituminous char 
showed higher reactivity than LQ anthracite char at 
all the investigated temperatures. 

Figure 7 shows the average carbon conversion 
rate at the three temperatures for all the fuels and 
OCs tested. The average carbon conversion rate was 
obtained as the average of the instantaneous reaction 
rate in the char conversion interval of 0.1-0.5 at 900 
°C, 0.1-0.6 at 940 °C and 0.1-0.7 at 980 °C. For all 
the temperatures tested, the combination of 
Fe60/Al40 with SH bituminous char showed the 
highest average carbon conversion rate, followed by 
LN iron ore with SH bituminous char, Fe60/Al40 
with LQ anthracite char and LN iron ore 

0

20

40

60

80

100

 

 

980940

Cu
m

ul
ati

ve
 co

nc
en

tra
tio

n 
of

 C
O2

 (%
)

Temperature (oC)

 Fe60/Al40-SH       LN iron ore-SH
 Fe60/Al40-LQ       LN iron ore-LQ

900

 
Figure 6 Effect of temperature on cumulative CO2 concentration 
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for the tested fuels and OCs 

with LQ anthracite char. The most significant 
influence of temperature was observed in the 
experiments with Fe60/Al40 as OC and SH 
bituminous char as fuel, with the average carbon 
conversion rate quadrupling from 0.023 at 900 °C to 
0.096 at 980 °C.  
       Table 3 shows the pore structural analysis of the 
chars and OCs studied to explain the above 
phenomenon.  With regards to the two calcined OC 
samples, the BET surface area and total pore volume 
of Fe60/Al40 was much higher than that of LN iron 
ore. This is favorable for the gasification products to 
easily diffuse into the internal structure of 
Fe60/Al40 particles, thus resulting in higher values 
of CO2 concentration, carbon conversion and 
gasification rate. Similarly, SH bituminous char, 
having a better pore structure with the water vapour 
more easily diffusing into the internal structure of 
char particles, showed better gasification behaviour 
than LQ anthracite char without eliminating the fact 
that the catalytic effect of the inherent minerals in 
char samples may also affect the reactivity of coal 
sample. Comparison of the fresh and used 
Fe60/Al40 samples indicated the poor resistance of 
Fe60/Al40 to agglomeration, the pore structure 
became worse with increasing temperature, but it 
was still much higher than that of the LN iron ore. 
The Fe2O3 content presented in each OC sample 
appear to have lesser of an effect on the OC 
performance compared to the other factors 
mentioned above.  
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Figure 7 Effect of temperature on the average carbon conversion 

rate for the tested fuels and OCs 

Table 2 Pore structural analysis of coal char and OCs 
 SBET  

(m2/g) 
Vp 

(cm3/g) 
dp 

 (nm) 
Calcined LN iron ore 0.1299 0.000645 198.694 

Calcined Fe60/Al40 10.9604 0.080072 292.223 

900-Fe60/Al40-SH 8.4089 0.069323 32.019 

940-Fe60/Al40-SH 6.9571 0.047134 27.010 

980-Fe60/Al40-SH 5.3410 0.043223 32.371 

SH bituminous char 1.774 0.006306 142.184 

LQ anthracite char 0.1776 0.000364 82.043 

SBET –BET surface area; Vp-Total pore volume; dp-Average pore 
size. 
 

3. Conclusion  
 
Experiments focusing on the feasibility of using 

two different ranks of Chinese coal were conducted 
using two iron-based OCs in a laboratory scale 
fixed-bed reactor. Pore structure played a more 
important role than Fe2O3 content in the OC in 
determining the reactivity of the OCs. Fe60/Al40 
performed better than LN iron ore with pure CO2, 
higher carbon conversion and higher coal 
gasification rate obtained for all tested coal samples. 
The coal reactivity followed the trend of coal rank in 
which the lower rank coal exhibited higher 
reactivity. The performance between coal and OC 
was enhanced at higher temperatures. The 
combination of Fe60/Al40 with SH bituminous coal 
showed the best performance among the four 
investigated combinations.  
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Abstract 
Breaking-down of the macromolecular structure of coal provides a potential pathway for generation of organic chemicals. In this 
study, microwave pyrolysis of an Indonesian lignite was investigated, particularly focusing on products distribution of tar, aiming at 
possibility of transforming coal into fine organic chemicals. Fe3O4 was used as microwave receptor. GC–MS was employed to 
analyze the main components of oils obtained from the microwave pyrolysis of lignite under different conditions. The results showed 
that the pyrolysis oils were complex mixtures of organic compounds in a variety of chemical groups. Aromatic compounds including 
phenols and naphthalene increased significantly with pyrolysis time. The tars contained 17.27 % saturated aliphatic species. Aromatic 
compounds accounted for 45.5%, while polar groups accounted for 25.84%. 
Keywords: Microwave pyrolysis, lignite, microwave receptor, product distribution, fine chemicals. 
 

 

1. Introduction 
The application of microwave (MW) heating in coal 
pyrolysis, desulfurization, gasification have been 
reported in the literature [1]. Coals show significant 
difference in dielectric properties and thus in MW 
absorption capabilities influenced by factors including 
coal rank, moisture content, mineral composition, and 
the frequency of MW radiation [2, 3]. Dielectric 
constant of coal is generally low. MW receptors such as  
carbon and some inorganic compounds such as Fe3O4, 
CuO, V2O5 undergo remarkable heating under MW 
and may reach temperatures as high as 700 °C in less 
than 1 min [4, 5]. 
The MW pyrolysis of low–rank coals is an attractive 
technique since the operating parameters can be well-
controlled to obtain targeting products [6]. In particular, 
the oil products from MW pyrolysis of lignites can be 
processed to produce liquids and fine chemicals. 
Breaking down of the macromolecular structure of coal, 
which contains singe aromatic ring, double aromatic 
rings and polycyclic aromatic rings and their 
derivatives, can be seen as a potential pathway for fine 
organic chemical production. Particular attention has 
been paid in this study for products distribution of tar 
from pyrolysis of coal. 

2. Experimental 

2.1 Sample preparation 
An Indonesian lignite was used in the experiments. The 
coal contains 48.83% (db) VM, 7.56% (db) ash and 
43.6% (db) FC. Raw coal samples were crushed and 
sieved to 63–125 µm and 280–500 µm size fractions 
and were dried at 105 ºC for 4 hours prior to pyrolysis 
experiments. Fe3O4 was used as MW receptor and was 

mixed with coal sample at 2/5 and 1/5 ratios before 
each experiment. 

2.2 Pyrolysis Experiments.  
Pyrolysis experimental setup is shown in Fig. 1 and 
consisted of a quartz reactor and a domestic MW oven 
with maximum power output of 1300 W and frequency 
of 2450 MHz. MW output power varied between 380 
and 700 W. MW receptor (Fe3O4) was evenly blended 
with 5 g coal. A thermocouple was inserted into the 
sample from the top to measure the temperature 
continuously. Tars were collected using a series of tar 
traps at the outlet of the quartz reactor. 

 
Fig. 1 Schematic of the MW pyrolysis experimental 

rig: 1-microwave oven; 2-quartz reactor; 3-condenser 
with dichloromethane; 4-ice bath. 

2.3 Recovery & characterization of tars 
The organic fraction that was condensed and dissolved 
in dichloromethane was separated by distillation. Tars 
were analyzed using GC-MS consisted of an Agilent 
7890A/5975c gas chromatographer coupled with an 
Agilent HP–5MS detector. Helium was used as the 
carrier gas at a constant flow rate of 0.2 ml/min. The 
compounds were identified by comparing their mass 
spectra to the mass spectra in the database library. The 
observed fragmentation and evaluating the retention 
times were interpreted in comparison with standard 
compounds. A semi–quantitative analysis was made in 
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order to compare the distribution of the compounds in 
different tar samples. The relative proportions of 
compounds in the pyrolysis oils were evaluated by 
calculating the area (%) from the TIC (total ion 
chromatogram) peak area. This method is suitable for 
comparing relative proportions of the compounds in 
oils obtained under different pyrolysis conditions [7]. 

3. Results and Discussion 

3.1 Total products yields 
The pyrolysis product yields obtained from lignite as a 
function of time at 700 W MW output power level and 
Fe3O4 to coal ratio of 2/5 is shown in Fig. 2. The total 
weight loss, oil and gas yields increased with residence 
time. The weight loss and light gases yield increased 
slightly up to 6 min and then increased sharply 
thereafter. The gas/oil ratio increased with time and 
stabilized at around 3 at longer pyrolysis time. A high 
pyrolysis temperature attained at higher MW absorber 
to coal ratio favored the formation of non–condensable 
gases rather than a liquid product. Conditions favorable 
for tar generation require further research. 

3.2 Characterization of tars 
The yield of oil increased with increasing Fe3O4 to coal 
ratio, MW power and pyrolysis temperature. The 
constituents of the tar produced during pyrolysis of coal 
at 2/5 Fe3O4 to coal ratio were systematically analyzed. 
The chemical compositions and products distributions 
of oil from MW pyrolysis are shown in Fig. 3. 

 
Fig. 2 Pyrolysis products yields vs. time: (At 700 W 

power output, Fe3O4 to coal ratio of 2/5.)  

 
Fig. 3 Products distribution of tar from MW pyrolysis 

of lignite. 

It can be seen that pyrolysis tars were complex 
mixtures of organic compounds with a variety of 
chemical groups. In general, the number and type of 
components in the tars increased with increasing 
residence time. With increasing the residence time, 
total yields of oil and gaseous products increased. The 
compounds identified in tars were grouped into the 
following classes: phenols and derivatives, naphthalene 
and derivatives, benzene and derivatives, alkene and 
derivatives; alkane and derivatives, and ketone and 
derivatives. Aromatic compounds production including 
phenols and naphthalene increased significantly with 
increasing pyrolysis temperature at longer process 
times while benzene content decreased gradually. Part 
of benzene transformed to phenol and naphthalene 
compounds at later stages of pyrolysis when the higher 
temperatures were achieved. The formation of phenol 
during pyrolysis reaction is reported to be influenced by 
the temperature of pyrolysis. High amounts phenolic 
derivatives in pyrolysis oil was generated during 
pyrolysis of lignite. The formation of phenols from the 
degradation of lignin has been reported in literature [8-
11]. According to the GC–MS analysis, pyrolysis tar 
was characterized as highly phenolic in nature. This 
indicated the suitability of the pyrolysis tar for 
production of value–added chemicals [12]. All the 
phenol derivatives contained alkoxyl groups such as 
2,3,4–methyl–phenol, 2,4–dimethyl–Phenol and 2,3,4–
ethyl–Phenol,  instead of C1–C4 alkyl groups. A Diels–
Alder reaction followed by dehydrogenation has been 
reported to be responsible for the increase in aromatics 
in oils obtained at a high pyrolysis temperature [13, 14, 
15]. Pyrolysis of lignite compounds such as long chain 
aliphatic esters leads to the production of hydrocarbon 
radicals which may capture hydrogen to produce 
alkanes. Secondary reactions of hydrocarbons at high 
temperatures can produce aromatic compounds. These 
results indicated that MW pyrolysis of coal was able to 
cause a high degree of transformation of coal initial 
compounds causing a decrease in some compounds and 
the formation of others. On the other hand, it favors the 
Diels–Alder reaction, which led to increase in aromatic 
compounds in oil [13] . 
The naphthalenes accounted for the largest amounts in 
the pyrolysis oil, which represented 22.2–39.3%. The 
naphthalenes were mainly made up of 1,2–methyl-
naphthalene, 2,6,7–dimethyl–naphthalene, 1,2,3,4–
tetrahydro–1,6–dimethyl–naphthalene, 1,4,6,7–trime-
thyl-naphthalene, 1,2,3,4–tetramethyl– naphthalene, 1–
methyl–7–(1-methylethyl)–naphthalene, and 1,6–dime-
thyl–4–(1–methylethyl)–naphthalene, which 
represented 3.2–4.68%, 2.54–7.93%, 4.49–7.75%, 
2.33–5.05%, 3.23–3.59, 3.08–4.19%, and 8.03–13.63% 
of the oil fraction, respectively. Naphthalene, 1,2,3,4–
tetramethyl– was just detected in oil produced at 3 to 4 
min (at 340–420°C pyrolysis temperature) of process 
while naphthalene, 1,2–methyl and naphthalene, 1–
methyl–7–(1-methylethyl)– was recorded after 7 min of 
pyrolysis when the temperature reached 590 °C. The 
phenols in tar ranged from 5.75–27.25%. The phenols 
were mainly made up of phenol, Phenol, 2,3,4–methyl-, 

- 155 - 



 
Phenol, 2,4–dimethyl– and Phenol, 2,3,4–ethyl– which 
represented 1.45–10.51%, 2.74–11.93%, 0.53–3.74% 
and 0–2.86%, respectively. 
Most components contained one or two methyl or ethyl 
rather than methoxyl, suggesting that pyrolysis under 
these conditions caused not only demethylation but also 
the cleavage of C–O bond in free radicals. The 
reforming of free radical groups is accompanied with 
the process of losing oxygen atom in the form of CO2 
and CO resulting in low oxygen content in oil–phase. 
The benzene and its derivatives accounted for 1.52–
18.23%. They were mainly composed of 1–fluoro–3–
(1-phenylethyl)–benzene,1,2–dimethyl–4–(phenylmet-
hyl)–benzene, and decyl–benzene. The alkenes 
represented 5.71–18.97% of the oil fraction in area and 
their maximum concentration was recorded at 8 min of 
pyrolysis. The alkanes in oil ranged from 15.63–
33.68% and decreased progressively with increasing 
the pyrolysis time. The carbon distribution in long–
chain alkanes and alkenes lied between C8–C29 and the 
distribution of straight chain alkanes exhibited a 
maximum in the range of C8–C20 in the oil–phase but 
peak intensity was different. The existence of long–
chain alkanes in the oil from pyrolysis of some 
feedstock such as biomass has also been reported in 
literature.  
Further analysis of tar was carried out in order to 
determine saturates, aromatics, and polar fractions. 
Analysis of these fractions for tar obtained during 
pyrolysis of coal at 2/5 magnetite to coal ratio and 700 
W are summarized in Table 1. It can be seen that the oil 
fraction contained 17.27% saturated aliphatic species. 
Aromatic compounds accounted for 45.5% while polar 
groups formed 25.84%. The pyrolysis oils contained 
much higher aromatic compounds than the aliphatic 
compounds. Phenolic derivatives dominated the polar 
fraction of oil. These results indicated that Fe3O4 has a 
great capacity to break long aliphatic chains. 
Aromatization led to a higher proportion of aromatics 
in the tar obtained during lignite pyrolysis. 
The thermal breakdown of the macromolecular 
structure leads to the generation of a variety of organic 
chemicals which may be used as industrial products or 
intermediate products for industrial products, such as 
additives, dye, pigments, solvents, polymers, and 
medicines, etc. Coal, which naturally contains aliphatic 
structures and a wide range of aromatic structures and 
their derivatives in its macromolecular structure, may 
be seen as the reservoir of fine chemicals. Fine 
processing technology including hydrogenation, 
distillation, crystallization and fine separation may be 
critical for the production of organic chemicals. 

4. Conclusions 
l The compounds identified in the tar from 

pyrolysis of lignite were grouped into the 
following classes: Phenols and derivatives; 
Naphthalene and derivatives; Benzene and 
derivatives; Alkene and derivatives; Alkane and 
derivatives; and Ketone and derivatives. 

l Aromatic compounds production including 
phenols and naphthalene increased significantly 
with pyrolysis time while benzene content 
decreased gradually. High concentration of 
phenolic derivatives in pyrolysis oil was attributed 
to high amount of lignin in lignite coal. Pyrolysis 
oil was characterized as highly phenolic in nature. 
This indicated the suitability of the oil for value–
added chemicals. 

l The oil fraction contained 17.27% saturated 
aliphatic species. Aromatic compounds accounted 
for 45.5% of oil produced, while polar groups 
formed 25.84%. Phenolic derivatives dominate the 
polar fraction of oil. 

 
Table 1 Major compounds identified in saturated, 

aromatic and polar fraction of tars. 

Saturated Compounds Concentration  
(by area, %) 

Tridecene 2.37 
Tetradecene 1.26 
Heptadecane 3.16 
Octadecane 0.55 
Nonadecane 2.58 
Eicosane 1.9 
Heneicosane 1.11 
Docosane 0.99 
Tricosane 0.91 
Tetracosane 1.07 
Pentacosane 1.37 
Total 17.27 

Aromatic Compounds Concentration 
 (by area, %) 

Azulene 0.91 
Naphthalene, 1–methyl 2.07 
Naphthalene, 2–methyl 2.61 
Naphthalene, 2,6,7–dimethyl– 7.8 
4–Ethylbenzylamine, N,N–dibutyl– 1.87 
Dibenzofuran 1.05 
Naphthalene, 1,2,3,4–tetrahydro–1,6–
dimethyl– 5.08 

Alpha. –Calacorene 4.19 
Naphthalene, 1,4,6,7–trimethyl– 4 
Naphthalene, 1–methyl–7– (1–
methylethyl) – 3.29 

Benzene,1–fluoro–3–(1–phenylethyl) – 1.65 
Benzene, 1,2–dimethyl–4– 
(phenylmethyl) – 1.6 

Naphthalene, 1,6–dimethyl–4– 
(1vmethylethyl) – 9.38 

Total 45.5 
Polar Compounds Concentration  

(by area, %) 
Phenol 10.51 
Phenol, 2,3,4–methyl– 11.6 
Phenol, 2,4–dimethyl– 3.74 

Total 25.84 
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Abstract 
This work introduces differential diffusion modeling within the MMC framework. The effect of differential diffusion on scalar 

variance decay is analysed and found to scale as Re-1/2. Modelling of this effect is achieved economically without increasing the 
number of MMC reference variables. The difference in variance decay of different scalars is simulated by introducing what in the 
present work is called the side-stepping method. This work also demonstrates the possibility modelling of a more refined and difficult 
to reproduce differential diffusion effect – loss of correlation between different scalars. MMC modelling of this effect needs two 
reference variables. The models are validated against the DNS results of Yeung and Pope [Physics of Fluids A: Fluid Dynamics, 5 
(1993) 2467-2478]. 

 
Keywords: MMC mixing model, PDF model, Differential diffusion. 
 

 

1. Introduction 
 

For scalars with different molecular diffusivities in a 
turbulent flow, there exists the possibility that they will 
evolve differently from one another. This phenomenon 
is known as differential diffusion. It is common for 
turbulent mixing models, particularly those for 
combustion, to neglect differential diffusion effects by 
assuming that turbulent mixing dominates over 
molecular diffusion. The above assumption simplifies 
the theory of common turbulent mixing models and 
becomes an integral part of them. In general, turbulent 
flames of multicomponent fuels can exhibit the effects 
of differential diffusion and ignoring those effects can 
result in important flame physics being missed. This is 
especially noticeable in mixtures containing species 
that are substantially more or less diffusive than the 
other constituents. An example of this latter case is the 
combustion of hydrogen. In light of the above 
discussion it is apparent that the equal diffusivity 
assumption is not valid for all flows thus motivating 
several studies to better understand the physics of 
differential diffusion and to suggest improved 
predictive models. A brief review follows. 
Differential diffusion models for transported 
probability density function (PDF) methods[1],[2]  are 
developed by Chen and Chang[3], Fox[4], McDermott 
and Pope[5] and Richardson and Chen[6]. Various 
other publications consider differential diffusion in the 
context of other combustion models. For example, 
Kronenburg and Bilger[7],[8] and Smith[9] extend 
conditional moment closure (CMC)[10] to account for 
differential diffusion. Following on from Bilger’s[11] 
observation of differential diffusion effects in methane 

diffusion flames, Bilger and Dibble[12] quantified 
differential diffusion effects by a variable defined as the 
difference between two mixture fractions (or passive 
scalars). That quantity is subsequently used by Kerstein 
et. al.[13] in their analysis of the Reynolds number 
scaling of differential diffusion, and in a series of DNS 
studies by Yeung and coworkers[14],[15],[16], Jaberi 
et. al.[17] and Nilsen and Kosály[18]. Experimental 
studies of differential diffusion are reported for both 
reacting and non-reacting flows. For example, 
differential diffusion in non-reacting flows is explored 
by Drake et. al.[19], Masri et. al.[20], Smith et. al.[21] 
and Dibble and Long[22].  

In this work we develop an extension to the 
multiple mapping conditioning (MMC) model of 
Klimenko and Pope[23] to account for differential 
diffusion effects. MMC, is a modeling framework for 
turbulent combustion which effectively unifies the 
features of CMC and PDF methods. Deterministic and 
stochastic formulations of MMC have been derived and 
tested for various flame configurations (see Cleary and 
Klimenko[24] for a recent review).  In general there are 
two aspects of molecular diffusion in PDF methods 
which need to be considered: the first is spatial 
transport which appears in the PDF transport equation 
as gradient diffusion in physical space, and the second 
is the process of mixing of scalars at a fixed location, 
which appears as transport in composition space. 
Differential diffusion may affect both of these aspects. 
While an MMC-consistent treatment of differential 
spatial transport can be achieved with the use of the 
shadow position mixing model (SPMM), which has 
been recently suggested by Pope[25] the focus of this 
study is modeling of the second aspect. We examine 
one-point joint characteristics and avoid complications 
associated with inhomogeneity and chemical reactions 
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by considering differential diffusion of unreactive 
passive scalars in statistically-stationary, isotropic 
turbulent flow. Two different MMC models for treating 
differential diffusion are introduced. Our modeling 
results are compared to the DNS performed by Yeung 
and Pope[14]. 

The remainder of this paper is organized as 
follows. A theoretical approach on the Reynolds and 
Schmidt number scaling of differential diffusion is 
presented in Section 2. In section 3, extensions of the 
MMC model for differential diffusion is developed and 
validated against DNS results[14]. In Parts 3.1 and 3.2 
two alternative MMC models for differential diffusion 
are developed and tested. The first is an MMC model 
with a single reference variable that predicts the 
differential decay of scalar variance. The dependence of 
the model parameters on the Reynolds and Schmidt 
number are demonstrated. The second is a more 
complicated MMC model with two reference variables 
which includes the ability to accurately predict the 
decorrelation of the differentially diffusing scalars in 
addition to modeling differential decay rates. 
Conclusions are drawn in section 4. 

2. Reynolds and Schmidt Number Scaling 
of Differential Diffusion 

 
Based on Kolmogorov’s eddy cascade 

hypothesis[26], in the inertial subrange the kinetic 
energy spectrum scales according to the well-known 

3/5−k  law. The scaling of the turbulent scalar spectrum 
is Schmidt number dependent. For the case 1<Sc , the 
scalars dissipate at Oboukov-Corrsin wavenumber, 

4/13 )/( DkOC ε= , while the kinetic energy dissipates 
at the smaller Kolmogorov wavenumber. We consider 
two passive scalars IY  and IIY  in a homogeneous, 
isotropic turbulent flow with decaying turbulence and 
without a mean scalar gradient. Each scalar has a 
different molecular diffusivity with corresponding 
Schmidt numbers ISc  and IISc  while 1≤< III ScSc . 
Figure 1 illustrates the variance spectrum of the scalars 
in the inertial-convective subrange.  

 
Fig.1 Energy and variance spectrum of two scalars with different 

diffusivity for the case 1≤< III ScSc  

The difference between the two scalar variances 
(the cross-hatched area in Fig.1) is given by 

( )dkkEYY
IOC

IIOC

k

k
III ∫

−

−

=− θ
22  (1) 

After substitution of the Oboukov-Corrsin spectral 
distribution, ( )kEθ , and making other conventional 
substitutions relating turbulence and fluid parameters to 
the Reynolds and Schmidt numbers we obtain a low 
Schmidt number relationship for the ratio of the 
dissipation timescales for the two differentially 
diffusing scalars 

(Re1 21 −−= − m
II

I

II ScC
τ
τ

, 2/1−=m  

(2
) 

3. MMC Mixing Model to Account for 
Differential Diffusion 

 
In MMC (as in other PDF methods) the turbulent scalar 
fields are modeled using an ensemble of Pope particles 
which possess scalar quantities subject to a mixing 
operation[27]. 
 
In homogenous turbulence the passive scalars IY  and 

IIY  are modeled by a discrete mixing operation. We use 
the MMC-Curl[28] particle interaction mixing model 
whereby particles are mixed in pairs and evolve as 

( ) αα Ι
∗∗ +−= YYY II

ˆ1new,  (3a) 

( ) αα ΙΙ
∗

ΙΙ
∗ +−= YYYII

ˆ1new,  (3b) 
where the asterisk denotes values assigned to individual 
Pope particles, the acute symbol indicates the two-
particle average of the scalars prior to mixing and 

[ ]1,0∈α  is the mixing extent which is related to the 
turbulent mixing timescale. Localness is enforced in 
MMC by forcing mixing to be between pairs of 
particles which are local in a reference variable space. 
The reference variables are modelled to emulate the 
major statistics of the turbulent scalar fields but, at the 
same time, they are mathematically independent of the 
stochastic scalar field ∗Y . In this work the reference 
variables, ξ , are modeled by Ornstein-Uhlenbeck 
processes[29] of the following form 

( ) ( )tdWdt
t

d
2

1

2










+−=

∗
∗

θθ
ξ

ξ  (4) 

where )(tW is a Weiner process and θ  is the reference 
variable dissipation timescale which is so called the 
major dissipation timescale. Due to localness within a 
reference space, the parameter α  is linked to what we 
call the minor dissipation timescale, denoted here as 

Dτ [30]. The MMC localness parameter , Λ , is defined 
as the ratio of the minor to major dissipation timescales 

θτ D=Λ . 
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3.1 MMC-One Reference Variable Method 
 
The primary objective of any differential 

diffusion model, especially those for practical 
application, is the ability to model the differential rates 
of decay of scalar variance. For this purpose we 
propose an MMC model where the mixing of both IY  
and IIY  is localized in the space of a single reference 
variable Iξ  which is modelled according to (4). In this 
model the major dissipation time Iθ  determines the 
variance decay rate of the least diffusive species, YI, 
while the differential decay rate is handled as follows. 
The reference variable Iξ  is advanced by a time 
increment dt  at which point scalar IY  is mixed after 
localizing in Iξ  space. At that point Iξ  is advanced by 
a further time increment dtrdt ss = at which point 

scalar IIY  is localized in Iξ  space and mixed. That 
second time increment is a temporary side step and sr  
is so called the side step parameter in this model. As 
described below sr  is modelled so that IIY  evolves 
correctly. After the second more diffusive scalar is 
mixed, the side step of Iξ  is discarded and the 
simulation continues. In the side stepping model, we 
increase the mixing window by additional side step 
increment in time. Hence, additional diffusion is 
created in reference space without introducing 
additional mixing of the particles. On the other hand, 
the ratio of above diffusion coefficients, before and 
after side stepping and mixing, are conversely 
proportional to the scalar variance decay times. By 
using the definition of the effective diffusion 
coefficient [31] we finally have 

β

γ
τ
τ

~2
1 s

II

I r+=  (5) 

where 
α

α
β

−

−
=

1

1~
2

 and ( )211 αγ −−= .  

By substituting (5) in (2) the value of the parameter sr  
is found as 
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The MMC model developed above is now tested 
against the DNS data [14]. The two scalars have 
Schmidt numbers of 1=ISc  and 25.0=IISc . The flow 
has a Taylor Reynolds number of 38Re =λ , the 
integral Reynolds number of 6.216Re =l  and an eddy 
turn-over time of 62.5s. The MMC simulations are 
performed using 10,000 Pope particles and a numerical 
time step of 0.1s. The results were relatively insensitive 
to changes in these parameters. The scalar fields, a 
standard normal distribution, are initialized completely 
correlated, ∗∗ = III YY . The MMC localness parameter Λ
, the constant C in (6) and the mixing extent α  are the 
three model parameters requiring explicit selection. 

Figure 2 shows the scalar variances versus normalized 
time, the simulation time divided the DNS eddy turn-
over time, for the mixing extent 02.0=α .  
 

  
Fig.2 Scalar variances versus normalized time  

 
A reasonable match between the MMC predicted 

decay rate and DNS data[14] for the first scalar is 
obtained by setting 1.0=Λ  while to match the decay 
rate of the second scalar we found 24.1=C . 

3.2 MMC-Two Reference Variable Method 
 
In this section we present a model which is 

capable of predicting both the differential decay rates of 
scalar variance and the rate of decorrelation of those 
differentially diffusing scalars. The first objective is 
handled in the same way presented in the previous 
section by using side stepping in time. For modeling 
the decorrelation of differentially diffusing scalars, we 
propose two independent reference variables, Iζ  and 

IIζ  , which are related to two Ornstein-Uhlenbeck 
processes Iξ  and IIξ  which are modeled 
independently according to (4) but with the same 
timescales. The reference variables are define as 

II ξζ = ,  IIIIIIII baf ξξξξζ +== ),(  (7) 

where ( )ta µ−= exp  and 21 ab −= . Mixing occurs 
by localizing IY  in Iζ  space and IIY  in IIζ space. The 
parameter µ  is called the decorrelation parameter in 
this model.  

The principles of MMC model allow us to enforce 
the desirable decorelation rate on the simulated scalars 
without altering scalar values during mixing or adding 
any false source terms that can compromise the 
conservative properties of the model. The scalars 
simply follow the decorrelation properties directly 
enforced on the reference variables. The MMC model 
developed above is simulated and tested as described in 
the previous section. Figure 3 illustrates the DNS 
data[14] and model results for the cross-correlation 
coefficient of two scalars which is defined as 
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Fig.3 Evolution of III ,ρ for different values of µ  

 
As expected 0=µ  results in full correlation 

which is equivalent to the one reference variable model. 
The best results for this particular flow are obtained by 
setting 5105 −×=µ  while 6105 −×=µ  yields to slower 
rate of decorrelation and for 4105 −×=µ  the predicted 
decorrelation time is an order of magnitude smaller 
than the DNS decorrelation time. 

4. Conclusion 
 

In this work two issues are addressed. First, the 
effects of differential diffusion are evaluated 
theoretically and the dissipation time ratio is found to 
be proportional to 5.0Re− . Second, the standard MMC 
model is modified to emulate the effects of differential 
diffusion by using the reference variable concept. The 
difference in variance decay rates, is modelled by using 
MMC with one reference variable. The concept of side-
stepping and increasing mixing window is used to 
model the key parameter for controlling difference in 
scalar decay rates. The second model, MMC with two 
reference variables, illustrates the ability of MMC to 
simulate and control a very fine process of 
decorrelation of scalars due to differential diffusion and 
reproducing the difference in variance decay rates at the 
same time. By enforcing the appropriate correlation 
rates on two stochastically independent reference 
variables, the required decorrelation characteristics are 
automatically enforced by MMC on the simulated 
scalars.  
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Abstract 
A turbulent lifted slot-jet flame is studied using direct numerical simulation (DNS). A one-step chemistry model 

was employed with a mixture-fraction dependent activation energy which can reproduce qualitatively the dependence of 
laminar burning rate on equivalence ratio that is typical of hydrocarbon fuels. Terms in the transport equation of Favre-
averaged product mass fraction were examined to determine their relative contributions and thus help understand the 
structure of the flame and its mechanism of stabilisation. It was found that the leading edge has features which are 
expected of a turbulent premixed flame, namely streamwise convection balancing turbulent transport upstream; however 
transverse mean convection due to entrainment and transverse turbulent transport out of the flame were both significant. 
Downstream, reaction became a dominant term and the flame has features expected of a non-premixed jet flame. The 
entrainment flows were found to be significant, and divergence of streamlines around the flame base was found to lead 
to local mean velocities that were actually in the upstream direction, a feature which may be dynamically important in 
the flame stabilisation. 

 

Keywords: Direct numerical simulation (DNS), partially premixed lifted flame, turbulence. 
 

 

1. Introduction 
Many burners feature fuel injection into the 

combustion chamber at a velocity high enough to 
preclude rim stabilization. Excessive turbulent 
stretching at the nozzle exit locally quenches the flame 
and leads to lift-off and stabilisation of the flame some-
where downstream of the nozzle where velocities and 
flame stretch rates are less severe. One of the earliest 
stabilisation theories proposed by Vanquickenborne 
and van Tiggelen [1] is referred to as the premixed 
theory and is based on premixedness of the reactant 
prior to the flame base. Upstream of the flame base in 
lifted flames, mixing occurs due to the presence of 
turbulence leading to formation of a mixture of fuel and 
oxidiser with an equivalence ratio within the 
flammability limits. According to the premixed theory, 
the mixture will burn with approximately the laminar 
flame speed and propagate towards the nozzle. 
Stabilisation will occur when the fresh gas velocity 
balances the propagation velocity of the flame base. 
Blow-out will occur when the flame propagation 
velocity cannot resist the flow velocity[1].  

Recent advancements in computational technology 
have made it possible to model turbulent lifted flames 
with direct numerical simulation (DNS) using detailed 
chemistry, however the computational cost limits three-
dimensional DNS studies to few cases [2-6]. Single 
step chemistry is expected to be able to capture the 
basic behaviour of conventional fuels with significantly 
reduced computational cost, thus allowing larger do-

mains, greater Reynolds numbers, or wider parametric 
studies. 

In our previous studies [7, 8], DNS was used to 
model turbulent lifted flames in hot and cold co-flow 
oxidisers. The general structure of these flames was 
analysed using the flame index and conditional 
variables. However, a more in-depth analysis can be 
performed using the species transport budgets of mean 
convection, turbulent transport, molecular diffusion and 
reaction. The magnitude of these different terms can 
provide information about the flame structure and the 
stabilisation mechanism in the vicinity of flame base. 
This analysis is therefore the aim of this study.  

2. Governing Equations  
The conservation equations of mass, momentum, 

sensible energy and species mass fraction were solved 
in a non-dimensional form. These equations are non-
dimensionalised using the inlet jet width, H, the speed 
of sound, aref, temperature, Tin, and thermodynamic 
properties on the jet centerline at the inlet. For a single-
step irreversible reaction of F +rO→ (1+r)P where r is 
the stoichiometric ratio, the source terms take the 
following non-dimensional forms: 

ω̇F = 1
r
ω̇O = −Daρ2YFYO exp � −β(1−T′)

1−α(1−T′)
�, and 

T′ =
(γ − 1)T − 1

τ , 
(1) 

where Da is the non-dimensionalisation Damköhler 
number, α and τ=α/(α−1) are the heat-release 
parameters, T= T∗/[(γ − 1)Tin], is the non-dimensional 
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temperature, β is the Zel’dovich number, YF and YO 
are respectively the fuel and oxidiser mass fractions,  
and γ is the ratio of specific heats. The molecular 
Schmidt number Sc, Prandtl number Pr, Lewis number 
Le, Reynolds number Re and the flow field parameters 
are introduced in Table 1.  

One step chemistry models of hydrocarbon fuels 
have a known deficiency for rich mixtures. Experi-
ments and detailed chemistry models show that the 
laminar flame speed has a maximum at mixtures close 
to stoichiometric and decreases on the rich side of this 
point. However, with a constant Zel'dovich number, 
simple one-step chemistry models do not reproduce this 
important feature. Therefore, a modified activation 
energy approach, initially developed by Garrido-Lopez 
and Sarkar [9], is used in this study. The same function 
proposed by Fernández -Tarrazo et al. [10] for 
activation energy of methane-air reaction is used, as 
follows: 

𝛽(𝜑) = �
𝛽𝑜(1 + 8.25(𝜑 − 0.64)2)    𝜑 < 0.65
𝛽𝑜                                   0.65 < 𝜑 < 1.07
𝛽𝑜(1 + 1.443(𝜑 − 1.07)2)  𝜑 > 1.07

 (2) 

where φ  is the local equivalence ratio [10]. 

 
Figure 1. Variation of the laminar flame speed as a function of 

equivalence ratio. 
Figure 1 presents a comparison of the laminar 

flame speed obtained from one-dimensional 
simulations with and without modification of the 
activation energy as a function of the equivalence ratio. 
This figure shows that single-step chemistry with 
modification of the activation energy can give a more 
realistic laminar flame speed compared with the 
constant activation energy model. Most importantly, the 
same behaviour of real fuels in rich mixtures is 
observed for the laminar flame speed [11]. For the 
parameters presented in Table 1, the non-dimensional 
laminar flame speed, SL/aref, and laminar flame 
thickness, δL/H, of a one-dimensional premixed flame 
configuration at the stoichiometric conditions are 0.006 
and 0.14, respectively. 

3. Numerical Methods  

3.1 Discretisation methods and boundary 
conditions  

The parallel DNS code, S3D_SC is employed in 
the present study. The S3D_SC code is a modified 
version of S3D, a FORTRAN code developed in the 
Combustion Research Facility at Sandia National 
Laboratories [12]. The code is modified to make it 
capable of modelling a single step chemistry 
mechanism. The compressible Navier-Stokes, sensible 

energy, and species transport equations are solved on a 
structured 3D Cartesian mesh. The solver uses a high-
order accurate numerical scheme. The spatial 
derivatives are computed using an 8th order central 
differencing scheme and the time integration is 
performed with a 6-stage, 4th order, explicit Runge-
Kutta method [13]. To suppress numerical fluctuations 
at high wave numbers, a 10th order filter is applied [14] 
every 10 time steps. Non-reflecting outflow boundary 
conditions are used in the streamwise and transverse 
directions, and periodic boundary conditions are 
applied in the spanwise direction [15-17]. 
 

Table 1 Numerical and physical parameters of the simulation. 

Description Value 

Domain size (Lx×Ly ×Lz)  16H×24H×6H 
Number of grid points (Nx×Ny ×Nz )  800×800×300 
Mean inlet jet Mach number (Uj/aref)  0.48 
Laminar co-flow Mach number (Uco/aref)  0.001 
Jet non-dimensional temperature (Tjet ) 2.5 
Co-flow non-dimensional temperature (Tco-flow) 2.5 
Jet Reynolds number (Re) 5280 
Inlet velocity fluctuation intensity (I) 5% 
Fuel mass fraction in the fuel stream (YF,o)  1.0 
Oxidiser mass fraction in the oxidiser stream 
(YO,o) 0.233 

Fuel mass fraction at the stoichiometric mixture 
(YFst) 

0.055 

Stoichiometric oxidiser to fuel mass ratio (r)  4.0 
Heat-release parameter (α)  0.86 
Zel’dovich number (β)  5.0 
Non-dimensionalisation Damköhler number (Da) 600 
Lewis number (Le) 1.0 
Prandtl number (Pr) 0.7 

3.2 Flow configuration and simulation 
parameters  

The fuel and oxidiser were injected into the 
domain separately. The mean inlet axial velocity, Uin, 
was specified using a tanh profile with the inlet 
momentum thickness of 0.05H. The oxidiser had a 
much lower velocity around 1% of the jet flow. The 
fuel was fed into the domain with a frozen turbulent 
velocity field, based on a prescribed turbulent Passot-
Pouquet energy spectrum, which is convected into the 
domain by applying Taylor’s hypothesis. The domain 
size, inlet conditions, and chemistry parameters are 
summarised in Table 1. A uniform grid spacing of 
0.02H was used in the streamwise and spanwise 
directions, which is approximately twice the 
Kolmogorov length scale, considered to be a good 
resolution in DNS [18]. An algebraically stretched 
mesh was used in the transverse direction which 
maintained uniform spacing of 0.02H in |Ly| < 5H and 
less than 3 % stretching in the region of |Ly| > 5H. The 
simulation was performed for 18.0 jet flow through 
times, tj = Lx/Uj.  
The analysis presented will exploit ensemble and 
Favre-averaged statistics. The ensemble average of 𝜑 is 
denoted ( 𝜑� ) and is formed by averaging in the 
homogeneous direction z and in time. The Favre-
average of 𝜑 is defined as (𝜑� = 𝜌𝜑����/�̅�). To achieve the 
level of statistical convergence required to analyse 
product transport budgets was a total 660 of samples 
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were used (80 samples per flow-through time over 
approximately the last 5 flow through times) to 
calculate the average product transport budgets.  

4. Results  
Figure 2 shows several Favre-averaged variables 

that are relevant for the analysis of the flame base. 
Product mass fraction is represented with a colour 
scale, the stoichiometric contour of mixture fraction 
with a black line, and the product mass fraction value 
of 0.05, which is chosen to demark the edge of the 
flame, in a white line. Velocities with a magnitude less 
than 0.04aref are shown to emphasize the flow structure 
around the flame base. The flame is found to be 
anchored at around 4H from the jet exit in a near-
stoichiometric region. An entrainment flow is evident, 
and interestingly, this appears to be diverted around the 
flame base so that locally negative streamwise 
velocities actually result, which implies that the 
displacement speed of the flame must also be negative 
in this location. To the best of our knowledge, this 
feature of a lifted flame has not been previously 
discussed in the literature.  

 
Figure 2. Product mass fraction contour plot with velocity 

vectors mapped on the plot (solid white line is product mass fraction 
of 0.05 and black dashed line is stoichiometric mixture fraction). 

Terms in the transport equation for the Favre-
averaged product mass fraction, 𝑌𝑝� , are defined as 
follows: 
Mean convection in x (CX)  = −𝜕𝜌�𝑈1�𝑌𝑝�

𝜕𝑥1
, 

Mean convection in y (CY)  = −𝜕𝜌�𝑈2�𝑌𝑝�

𝜕𝑥2
, 

Turbulent transport in x (TTX) =  
−𝜕𝜌�𝑈1𝑌𝑝�

𝜕𝑥1
+ 𝜕𝜌�𝑈1�𝑌𝑝�

𝜕𝑥1
, 

Turbulent transport in y (TTY) =  
−𝜕𝜌�𝑈2𝑌𝑝�

𝜕𝑥2
+ 𝜕𝜌�𝑈2�𝑌𝑝�

𝜕𝑥2
, 

Laminar diffusion = − 𝜕
𝜕𝑥𝚥

( −𝜇
𝑅𝑒𝑆𝑐

𝜕𝑌𝑝
𝜕𝑥𝚥

)����������������, and 

 Reaction =  �̇�𝑝����. 

(3) 

In the above, 𝑈1  and 𝑈2  are streamwise and 
transverse velocities, respectively. 

Figure 3 shows the terms in equations 3 on a 
colour scale. For reference the mean stoichiometric 
mixture fraction and the product mass fraction of 0.05 
are also represented as dashed and solid black lines, 
respectively. As expected, the reaction rate (PRR) is a 
strong positive term centred on the stoichiometric 
region. Convection in the streamwise direction (CX) is 

strongly negative in most regions but slightly positive 
on the outer edge of the flame base, which corresponds 
to the locally negative streamwise velocities that were 
observed in Fig. 2. The effects of the entrainment flow 
are strong and clearly observed in the convective term 
in the transverse direction (CY). The turbulent transport 
in the streamwise direction (TTX) is clearly affected by 
statistical noise, but there is a region around the flame 
base, particularly on the rich side where this term is 
positive, which corresponds to gradient transport from 
the flame to the fresh reactants. Turbulent transport in 
the transverse direction is also significant and appears 
as a gradient-transport like term that transports products 
(and thus heat) out of the flame and into regions which 
are on average leaner and richer than stochiometric. 
Laminar diffusion is a relatively smaller but not 
negligible term. 

 
Figure 3. Contour plot of convection, diffusion, turbulent 

transport, reaction budgets in a window of the flame base (solid line 
is products mass fraction of 0.05 and the dashed line is stoichiometric 

mixture fraction).  

 
To discuss the relative magnitude of the terms it is 

necessary to divide the flame into zones. The first zone 
is upstream of around 4H and inside the 
stoiochiometric contour. In this region, the principal 
balance is between streamwise convection and 
streamwise turbulent transport, which is essentially the 
behaviour expected of a flat premixed flame. However, 
the transverse convection terms are also quite signifi-
cant here. The transverse mean convection results from 
the entrainment flow and is a production term here, 
while the transverse turbulent convection has around 
the same magnitude and tends to remove products from 
this region. In the region downstream of 4H and outside 
the stoichiometric contour, the main balance is that 
mean entrainment into the jet balances turbulent 
transport out of it. Further thought and analysis is 
needed to determine if there is a physical reason for 
this, but the lateral entrainment and turbulent momen-
tum exchange are certainly connected physically. 
Downstream of 4H and inside the contour of the 
product mass fraction equal to 0.05, reaction becomes a 
significant term, and the principal balance is between 
reaction, streamwise convection, and once again the 
mean and turbulent transverse terms roughly balance. 
This is the expected balance in a non-premixed jet 
flame. In this region, turbulent transport in the x 
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direction is sometimes significant, but the large 
changes of magnitude and sign within relatively short 
length scales in this region suggest that this might be 
attributable to statistical uncertainty. The remaining 
region is the centre of the jet outside the line of  𝑌𝑝� = 
0.05, and downstream of 4H. Here streamwise 
convection downstream balances turbulent transport in 
the transverse direction from the flame into the jet 
centre - i.e. the result of flapping of the flame in the 
transverse direction. 

Gordon et al. [19] have previously analysed the 
terms in the transport equation for various species using 
a transported probability density function (TPDF) 
model of a lifted flame in a very hot co-flow (with a co-
flow temperature more than 1000K). The objective of 
that study was to identify whether the flame was 
stabilised by autoignition or by flame propagation. It 
was found that streamwise turbulent transport was 
always a negligible term, and radial turbulent transport 
was dominant. This was used to argue that the flame 
was stabilised by autoignition. In the present case the 
flame is certainly stabilised by flame propagation due 
to the much lower temperature. In contrast to Gordon et 
al [19] results, the present results do suggest that 
turbulent transport is a significant term that balances 
convection in the region upstream of the flame base and 
in rich mixtures. However, other terms, notably mean 
and turbulent transport in the streamwise direction are 
also quite significant and as such the dominance of 
streamwise transport over transverse transport is not 
itself an indicator of an essentially premixed 
stabilisation mechanism.  

5. Conclusion  
A lifted turbulent slot jet flame was studied using 

direct numerical simulation. The analysis focused on 
understanding the contributions of various terms to the 
transport equation for product mass fraction, as a means 
for better understanding the mechanism of flame 
stabilisation. The transport equation was broken down 
into effects of mean and turbulent transport in the 
streamwise and transverse direction, reaction rate, and 
molecular diffusion. It was found that the flame base 
can be divided into two main regions. At the leading 
edge of the flame reaction a region exists on the rich 
side where streamwise mean convection balances 
streamwise turbulent transport, which is the expected 
signature of a turbulent premixed flame. However, 
transverse mean transport due to the entrainment flow 
and transverse turbulent transport out of the flame were 
also very significant terms in this region. Downstream, 
reaction rate became important, and acts against 
streamwise convection, but again there were significant 
contributions from transverse mean and turbulent 
convection. The balance in this region has the expected 
signature of a non-premixed flame. Laminar 
(molecular) diffusion was found to have a lower 
significance contribution, which emphasises the 
significant role of turbulent transport in the stabilisation 
process. 

A feature of the results which does not appear to be 
extensively discussed elsewhere is the high importance 
of the entrainment flow, which results in the transverse 
mean convection being quite significant. The entraining 
flow appears to be diverted by the flame edge such that 
locally negative streamwise velocities can occur on the 
lean side. Although this only leads to a small positive 
streamwise convection term, it is a feature that as far as 
we know has not been discussed and may be 
dynamically important for the stabilisation mechanism. 
Further analysis is needed to investigate this feature. 
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Abstract 
The flammability of pyrolysis gas from a pine sawdust was studied by means of kinetic modelling using Chemkin Pro. The skeletal 
version of Le Cong et al’s kinetic mechanisms was used in this work. Generally, the model was found to reproduce the experimental 
trends of two gas mixtures (methane/air and synthesis gas/air) as reported in the literature. The validated skeletal kinetic model of Le 
Cong et al was then used to predict the flammability limit of the gas mixture produced from the pyrolysis of a pine sawdust in a 
indirectly fired kiln reactor. It was also found that the flame propagation speed of the pyrolysis gas was higher than those of the 
methane/air and the synthesis gas/air mixtures from the literature. This was believed to be due to the higher amount of H2 and the 
presence of CH4 in the pyrolysis gas, which both fed more H radicals into the system, enhancing the overall oxidation rate. 
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1. Introduction 
 
Synthesis gas, also commonly known as “syngas”, is 

a gas mixture consisting of mainly hydrogen and carbon 
monoxide. It can be produced via steam reforming of 
natural gas or petroleum, and gasification or pyrolysis of 
a wide range of solid fuels, e.g. carbon, biomasses, 
municipal solid wastes etc. Syngas is the building blocks 
of the petrochemical industry and has been used for the 
production of wide range of chemicals as well as 
synthetic petroleum (via the Fischer-Tropsch Synthesis 
Process) and methanol (using the Raneay catalysts). 
Recently, it has also emerged to be an attractive 
alternative fuel for internal combustion engines or gas 
engines for power generation. Therefore, it is necessary 
to understand the flammability characteristics of the 
syngas as it affects the fuel burning rates and engine 
performance. 
 

In general, combustible gas/air mixtures only 
propagate flame freely within a limited range of 
compositions. Mixtures that are either too rich or too 
lean are not flammable [1, 2] and this defines the 
flammability limits of a combustible gas mixture, 
namely the lean or lower flammability limit (LFL) and 
the rich or upper flammability limit (UFL). Laminar 
flame speed, which is known as the propagation speed of 
an adiabatic planar flame relative to the unburned gas, is 
an important parameter in combustion. It serves as a 
useful indicator for the reactivity, diffusivity and 
exothermicity of a combustible mixture [3-6]. The flame 
speed affects the tendency of a flame to flashback and 
blow off [4, 6]. It is dependent on factors such as 
temperature, pressure, and mixture composition, and is 
normally lowest at both ends of the flammability limits 
while highest when approaching stoichiometry [2].  
 

 
 
The composition of a syngas depends largely on the 

sources and processing method. For instance, the total 
volumetric percentage of H2 and CO (different H2/CO 
ratios) in the synthesis gas generated from different coal 
gasification plants can vary considerably from 30 to 
60%, with the remainder being N2, CO2, moisture etc 
[7]. The difference in the fuel composition will lead to 
different flame speeds and this represents a challenge for 
the design of a versatile combustion system that works 
efficiently with syngas of different compositions.  

 
The aim of this work was to investigate the 

flammability characteristics, specifically the flame speed 
(laminar burning velocities) of the gas produced from a 
pine sawdust pyrolysed in an indirectly fired kiln reactor, 
by means of kinetic modelling. The pyrolysis gas 
produced was intended to be combusted in internal 
combustion engines for power and heat generation. This 
study was expected to contribute to the understandings 
of the effect of fuel composition on its flammability 
characteristics. The results would have important 
implications in the optimisation of syngas combustion 
systems and safety management. 
 

2. Modelling Details 
 

In this work, Chemkin Pro was used to simulate the 
one-dimensional freely propagating flame, determining 
the premixed, laminar flame speeds of the pyrolysis gas 
and air mixtures at pressure of 0.1MPa and inlet 
temperature of 298K. The gas mixture was produced 
from a pine sawdust pyrolysed in an indirectly fired kiln 
reactor at temperature of 873K, consisting of mainly 
hydrogen, carbon monoxide, carbon dioxide and 
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methane [8]. The concentrations of H2, CO, CO2 and 
CH4 were determined by gas chromatography (Agilent 
7890A). The stoichiometric composition of the pyrolysis 
gas is shown in Table 1.  

 
Table 1 Stoichiometric compositions of combustible gas mixtures 

studied in this work 
Gas Mixture H2 CO CH4 CO2 O2 N2 

CH4/Air (Literature) 0.0 0.0 9.5 0.0 19.0 71.5 

Syngas/Air (Literature) 10.2 10.2 0.0 0.0 10.2 69.4 

Pyrolysis/Air (Present) 13.4 6.7 2.7 4.0 15.4 57.8 

 
 
The skeletal model of Le Cong et al [9, 10], which 

consists of 18 species and 66 reactions, was used in the 
modelling work. The full mechanisms of Le Cong et al 
has been validated over a wide range of operating 
conditions and was found to perform better than other 
models in the previous work of the authors [11-14], 
which focused on NOx-sensitised lower alkanes 
oxidation under fuel-lean conditions. 
 

For the present simulations, adiabatic condition was 
assumed (i.e. no heat loss) and the temperature was 
computed from the energy equation. A mixture-averaged 
transport model was used. The adaptive grid parameters, 
GRAD and CURV, were varied to obtain grid-
independent solutions. Final values of 0.2 and 0.5 were 
used for the GRAD and CURV parameters, respectively, 
for all the predictions in this work. It should also be 
noted that the Soret effect was not considered in this 
study. 

 

3. Results and Discussion 
 

Figures 1 and 2 show the plots of the modelling 
results of the flame speed using the skeletal model of Le 
Cong et al versus experimental data for methane/air [15, 
16] and syngas/air mixtures [7, 17] obtained from the 
literature, respectively. The stoichiometric compositions 
of the methane/air and syngas/air mixture are also 
summarised in Table 1. From Figures 1 and 2, the 
skeletal model was capable of reproducing the 
experimental trend in both cases: it performed 
reasonably well in predicting the flame speed profile as a 
function of the equivalence ratio. It is significant that the 
66 reactions in the skeletal model represent only a small 
fraction of the total 924 reactions used in the original 
mechanism and yet it is capable of producing close 
simulations to the experimental data.  

 
The validated skeletal model of Le Cong et al was 

then used to simulate the flame speed profile of the 
pyrolysis gas.  

 
 

 

Figure 1 Flame speed profile as a function of equivalence ratio for 
methane/air mixture (literature) at 0.1 MPa and 298K. Experimental 

(symbol): ■ [15], ●[16]; Modelling (line).  
 

 
Figure 2 Flame speed profile as a function of equivalence ratio for 
syngas/air mixture (literature) at around 0.1MPa and 298-302K. 

Experimental (symbol): □ [17], ○ [7]; Modelling (line). 
 
Figure 3 shows the predicted flame speed profile for 

the pyrolysis gas. The overall flame speed of the 
pyrolysis gas was much higher than the methane/air and 
syngas/air mixtures (literature data) presented herein and 
this is shown clearly in Figure 4, in which the flame 
speed profiles for all aforementioned mixtures were 
plotted in the same figure for easy comparison. The 
higher flame speed of the pyrolysis gas/air mixture is 
believed to be due to: (1) the presence of higher amount 
of H2 [5, 18]; and (2) the presence of CH4 (as compared 
to the composition of the syngas/air mixture from 
literature used in this work) [5].  

 
Brown et al [19] concluded in their work that H2 is 

the dominant species in syngas combustion. It has also 
been reported in Hassan et al [20] that, an increase in the 
H2 concentration (in syngas) causes the syngas mixture 
to behave more similarly to the H2–air mixture. 
Vagelopoulos and Egolfopoulos [5] studied the separate 
effect of H2 and CH4 additions to CO on the flame speed 
and found that the presence of H2 and CH4, respectively, 
introduced additional H radicals to the system, thus 
enhancing the overall chain-branching reactions of the 
system and accelerating the rate of the CO oxidation 
reaction [5]. Their sensitivity analysis results revealed 
that when a trace amount of hydrogen and methane were 
added, the CO/air system was dominated by the CO 
oxidation reaction [5]. However, the reaction shifted 
towards the hydrogen/methane kinetics (instead of 
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carbon monoxide) when a high amount of 
hydrogen/methane was added [5].  

 
 

  
Figure 3 Predicted flame speed profile as a function of equivalence 

ratio for pyrolysis/air mixture (present) at around 0.1MPa and 298K. 
 

  
Figure 4 Flame speed vs equivalence ratio for methane/air (literature), 

syngas/air (literature) and pyrolysis gas/air (present) mixtures. 
 

4. Conclusions and Recommendations 
 
The skeletal model of Le Cong et al was shown to be 
capable of describing the oxidation kinetics of 
methane/air and syngas mixtures in the literature. Upon 
validation, the skeletal model was used to simulate the 
laminar flame speed profile of the syngas generated from 
the pyrolysis of pine sawdust and a much higher flame 
speed was predicted. This was attributed to the presence 
of H2 and CH4 that provide an additional pool of H 
radicals to promote the combustion rate. It is 
recommended that the future work should include: (1) 
conducting experiments to collect data on the pyrolysis 
gas for direct comparison against the predicted flame 
speed profile and; (2) performing sensitivity and rate-of-

production analyses to reveal the kinetic effect of fuel 
composition on flame speed. 
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Abstract 
Mallee biomass is a key second generation bioenergy feedstock in Western Australia. It is generally rich in chlorine (Cl) and 

alkali and alkaline earth metallic (AAEM, mainly Na, K, Mg and Ca) species. The presence of these species can have both a positive 
and negative effect during its thermochemical conversion. They can be detrimental as the release of these inorganic species can cause 
various ash-related problems during combustion and gasification. However, the retention of these inorganic species in char can also 
have a positive effect. AAEM species can be excellent catalysts in the combustion or gasification of biomass (or biochar). If biochar is 
applied to soil, Cl and AAEM species are important plant nutrients to be recycled. Therefore, the release of Cl during pyrolysis must 
be understood to develop advanced biomass utilization technologies. Previous work on the release of Cl during biomass pyrolysis 
mainly quantified Cl release via that retained in solid chars. To date direct quantification of Cl in volatiles (gas and tar) is however not 
reported, which is of critical importance in understanding Cl release mechanisms.  

In this study, the pyrolysis of mallee bark (75–150 µm) was performed at 400–900 °C. The Cl release and its distribution among 
the main pyrolysis products (i.e., char, tar, and gas) were investigated. This temperature range was selected to investigate the effect of 
temperature on Cl release and distribution. The experiments were carried out using three types of reactor configurations: a fixed-bed 
reactor, a drop-tube/fixed-bed reactor with continuous feeding, and a drop-tube/fixed-bed reactor with pulsed-feeding. For slow 
pyrolysis using the fixed-bed reactor, ~1 g sample was pre-loaded into the reactor. During fast pyrolysis, the sample feeding rate was 
~0.1 g/min for continuous feeding whereas ~0.1 g of the mallee bark was dropped into the drop-tube/fixed-bed reactor in one time 
during pulsed feeding pyrolysis. A solution of 0.1 M NaOH was used to capture the released Cl. An ion chromatography (model: 
Dionex ICS-3000 IC) with a CS12A column and 20 mM MSA solution as eluent was used to analyse the chloride in the NaOH 
solution. 

All Cl in the mallee bark is water-soluble. Its release during pyrolysis is significantly influenced by reactor configurations. For 
example, during slow pyrolysis in a fixed-bed reactor, pyrolysis temperature (400–900 oC) has little effect on the release of Cl. Nearly 
100% of Cl is released into volatiles. During fast pyrolysis under continuous feeding, similar amount of Cl is released at 400 °C, 
compared to that of slow pyrolysis. However, Cl retained in char increases with temperature and reaches its peak value at 600 °C 
(~42%) before decreasing with further increasing temperature to 900 oC. For fast pyrolysis under pulsed feeding conditions, similar 
trend with that of continuous feeding is observed but the extent is less intensive. Volatiles-char interactions are believed to play 
important roles in Cl release. Cl re-combined in char is thermally unstable because furthering increasing temperature to 900 oC results 
in substantial Cl release. It is calculated that substantial Cl (47–84%) is released into volatiles in forms other than HCl (g). 
Quantification of Cl in volatiles was then performed experimentally via in situ volatiles combustion using a novel two-column 
pyrolysis/combustion reactor. The results from volatiles combustion confirm that substantial amount of Cl is released into volatiles in 
forms other than HCl (g). The mass balances of Cl in char and volatiles are close to 100% during biomass slow pyrolysis in the fixed-
bed reactor between 400 and 900 °C. Similar trend is also observed for fast pyrolysis below 600 °C. However, increasing pyrolysis 
temperature to above 600 °C leads to a considerable reduction in the Cl mass balance. This is possibly due to the Cl loss in forms of 
alkali chlorides that are reacted and deposited on the reactor wall. 

 
Keywords: Biomass; Pyrolysis; Chlorine release 
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Abstract 
Activated carbon (AC) is very effective for multiple pollutants removal, while the components of flue gas are very complicated 

and may have effect on each other’s adsorption. So a series of adsorption and desorption experiments were carried out in this study to 
investigate the components effects on AC adsorption. SO2, NO and chlorobenzene (CB) were chosen as the multiple pollutants, water 
vapour and oxygen were added to simulate the flue gas. The AC adsorption results show that SO2 adsorption is quite favoured under 
all the atmospheres, while NO is much more suitable to be adsorbed under no SO2 situation or lower concentration SO2, CB is 
relatively less affected by other component. When all the components exist, SO2 adsorption amount increased for 202%, NO 
decreased for 95.6% and CB decreased for 27.6%. The adsorption products were analysed by TPD-MS method, according to the main 
desorption temperature of desorbed products, the combining strength between gas molecules and AC follows the order of SO2 > CB > 
NO. Along with the products desorption, the desorbed CO2, CO, H2O from AC were detected to observe the carbon surface 
properties changes after adsorption, the result shows that SO2 and NO occupies the quinone groups, and CB is likely to be combined 
with the lactone and quinone groups, the greater interaction between SO2 and quinone groups decreased NO and CB adsorption. 
 
Keywords: Activated carbon, Air pollution removal, multiple components, Competitive adsorption. 
 

 

1. Introduction 
 
The huge coal consumption in China has caused 

serious air pollutions. Desulfurization and denitration are 
extremely urgent with much stricter standard of thermal 
power plant for SO2 and NOx emissions control[1], the 
effluent concentrations of SO2 and NOx are restricted to 
200 and 100 mg/Nm3 respectively. 

Limestone-gypsum wet flue gas desulfurization 
(WFGD) and selective catalytic reduction (SCR) are the 
most effective methods for separate removal of SO2 and 
NOx. Compared to these separate adsorption steps, 
simultaneous adsorption of SO2 and NOx on activated 
carbon is more economic, and has the advantages of 
saving lands occupation and consuming much less water, 
meanwhile, the activated carbon can capture the volatile 
organic compounds (VOCs), heavy metals, and other 
substances[2]. 

The components of flue gas are very complicated 
which contains not only SO2 and NOx, but also VOCs, 
Mercury and water vapor, so one component may have 
effect on another’s adsorption over activated carbon. 
Previous studies have revealed that SO2 and NOx affect 
each other’s adsorption[3]; the presence of SO2 inhibits 
NO adsorption due to the higher permanent dipole 
moment and polarizability[4], while NO promotes SO2 
adsorption through the formation of [(NO2)(SO3)*][5]. 
The co-adsorption of butane and NO2 or SO2 on 
activated carbon reduces the adsorption capacity for 
oxide components, but the adsorption of butane is not 
influenced by SO2 or NO2 [6]. The SO2 and NO removal 

on activated carbon is a complicate progress including 
adsorption and catalysis with various adsorption sites 
occupied, the VOCs adsorption over activated carbon is 
mainly physical adsorption, while some researches 
pointed that the functional groups of  the activated 
carbon is related to its adsorption[7]. Thus, co-
adsorption can limit the adsorption amount for certain 
components. The competitive adsorption and desorption 
behavior differs due to the different properties of 
absorbed gases. 

So in this work, chlorobenzene (CB) was adopted as 
a model of VOCs and a series of experiments about the 
adsorption behavior of SO2, NO and CB on activated 
carbon under different gas components was carried out 
in a fixed-bed reactor. In order to understand the 
adsorption sites of each component and obtain the 
changes of carbon surface functional groups, the TPD-
MS (Temperature programed desorption coupled with 
mass spectrometer) measurements were adopted 
instantly after the adsorption with the adsorption 
products, CO2, CO and H2O desorbed and analyzed. 

2. Experimental 

2.1 Activated carbon sample 
  

The commercial coconut shell activated carbon 
(AC) used in the experiment was from the Gongyi 
activated carbon plant in Henan province. The AC was 
dried at 120ºC for 10 h before the experiment. 
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2.2 Gas adsorption tests 
 

The adsorption of SO2, NO and CB on the AC was 
investigated in a fixed-bed reactor. The quartz tube 
reactor was 8 mm in diameter and 500 mm in height 
with a sieve plate in the middle. 0.30 g of each sample 
with particle sizes of 38 -62 μm was loaded on the plate 
for each experiment. The reaction temperature was 
120ºC and the total adsorption time is 3 h. The gaseous 
hourly space velocity (GHSV) was about 24,000 h-1. The 
simulated flue gas consisted of SO2, CB, O2, water 
vapor and a balance of N2. The CB vapor was generated 
using N2 from a bubbling container bathed in 40±0.1oC 
water. The water vapor was also generated using N2 
from a bubbling container bathed in 50±0.1oC water, and 
the relative humidity is controlled by the N2 flow based 
on the water vapor Antoine equation. After mixed in the 
mixing vessel, the gas was fed into the reactor with the 
effluent gas continuously detected by a quadruple mass 
spectrometer (GAM200, IPI). The gases detected by the 
mass spectrometer were identified by using the major 
mass ion 64 for SO2, 30 for NO, 112 for CB. The CB 
concentration was calibrated using gas chromatography 
(7890, Agilent) at 200±10 ppmv, the SO2, NO 
concentration was controlled by a mass flow controller 
that gave 1000 and 500 ppm, the O2 concentration was 5 
vol. %. The gas adsorption amount was calculated from 
the integral areas between gas breakthrough curves and 
the initial concentration lines. 

2.3 TPD-MS tests 
 

TPD-MS was applied to investigate the adsorption 
products and the AC oxygen functional groups. The AC 
samples were placed in a quartz crucible of a thermo-
gravimetric (TG) analysis (Versa Therm HM, Thermal). 
The desorption was measured in the temperature range 
of 303-1273 K with a heating rate of 10 K/min. Argon 
gas was used as the carrier gas. The effluent gases SO2, 
NO, CB, CO2, CO and H2O were recorded continuously 
by the mass spectrometer, with CO2 identified by the 
major mass ion 44, H2O by the mass ion 18 and CO by 
the mass ion 28.  

3. Results and discussion 

3.1 AC adsorption under various atmospheres 
 

The gas adsorption amount changes under different 
gas components were shown in Fig.1. The points in each 
of the segments are corresponding to the conditions 
listed in the legends, from top to bottom. Compared with 
the single CB adsorption, the NO component addition 
increased 6.2% CB adsorption amount, while it 
decreased with SO2 and water vapor added and the 
biggest decrease ratio (27.6%) was reached with all gas 
components exist. Compared with the single NO 
adsorption, the other gas component for NO adsorption 
is much unfavorable, and the NO adsorption amount 
sharply decreased 95.6% with all gas components exist. 

Compared with the single SO2 adsorption, the other gas 
component for SO2 adsorption is favorable, especially 
the addition of NO, according to SO2 adsorption amount 
increase ratio, the order of the component promotion 
extent is NO > H2O > CB, the coexistence of these 
components increased 202% SO2 adsorption amount. 
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Figure 1. Changes of the CB, SO2 and NO adsorption 

amounts under different gas components 

According to the above, the CB adsorption is 
relatively less affected by other component, meanwhile, 
its influence on SO2 and NO adsorption is small. 

3.2 The desorption products analysis 
 

The gas adsorption amount is calculated from the 
area integral between the blank chlorobenzene 
concentration line and the adsorption line, and the 
desorption peak area integral can also been calculated, 
the calculation results show that the desorption peak area 
integral is almost equal to the adsorption amount. Take 
chlorobenzene single gas adsorption situation for 
example, the chlorobenzene adsorption and desorption 
area integrals are 3.71E-11 and 3.67E-11 [A•min] 
respectively, considering the error of this calculation 
method is around 3%, the chlorobenzene can be 
recognized to be totally desorbed and detected as the 
desorption peak shows, so all desorbed species can be 
desorbed. 

Figure 2 shows the desorption profiles of CB, SO2 
and NO from the saturated ACs under various 
atmospheres. 

The change of the CB, SO2 and NO desorbed peak 
areas is consistently with the tendency of the adsorption 
amount in Fig. 1. The CB adsorption is relatively less 
affected by other components, SO2 adsorption is 
promoted in the mixed atmosphere, especially the 
coexistence of NO, while NO adsorption is greatly 
inhibited by SO2. 

The desorption peak temperature is related to the 
adsorption bond strength, a stronger bond gives rise to a 
higher TPD peak temperature [8]. Based on the different 
desorption peaks of the three components, the 
temperatures of the main desorption peaks for CB, SO2 
and NO are 550, 580, 450 K respectively, indicating the 
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combining strength between gas molecules and AC 
following the order of SO2 > CB > NO. 

TPD-MS results also provide the adsorption 
products information based on the desorbed peak shapes 
and temperatures. 
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Figure 2. TPD-MS profile of CB (a), SO2 (b) and NO 

(c) desorbed from the saturated ACs 

The desorbed peak of CB shows the same shape 
under different atmospheres, indicating that the 
adsorption state of CB may have not changed, and CB 
molecule maintains its chemical structure after 
adsorption, the main desorption temperature decreases 
for 10 K when water vapor added, which can be inferred 
that the moist effect may decreased the combine strength 
of CB and AC. SO2 began to desorb as T > 480K and 
almost all the adsorbed SO2 was decomposed before 750 
K, which could be related to the strongly adsorbed SO2 
or being oxidized to SO3 corresponding to 
decomposition temperatures at 615 K[9]. The SO2 
adsorption state changes when NO and water vapor 
added, both the physically and chemically adsorbed SO2 
increased with the main desorption temperature 
decreased for 25 K when all the components exist. The 
NO desorption peak shows two desorption temperatures 
at 450 K and 580 K corresponding to the physically 
adsorbed NO or (NO)2 [10] and the chemically adsorbed 
NO, both state decreased with other components added. 

3.3 TPD-MS profiles of AC surface changes  
 

As the temperature increases, the surface oxygen 
groups on the AC decompose to release CO2 at lower 
temperatures and predominantly CO at higher 
temperatures. The CO2 arises primarily from the 
decomposition of the carboxyl and lactone groups, 
whereas the CO results from the decomposition of the 
carbonyl, quinone, phenol and ether groups[11]. The 
interactions of the adsorbate with the carbon surface are 
further investigated by the TPD-MS profiles for CO2, 
CO and H2O from the carbon decomposition, and are 
compared with the original AC in Fig. 3. 

Based on the desorption lines of AC sample before 
adsorption, the gas adsorption changed the carbon 
surface properties differently according to different gas 
component. The single SO2 adsorption didn’t make 
obvious changes to the CO2 curve, while the 990 K of 
CO decreased and 570 K of water increase. During the 
NO desorption process, CO2 and CO were released as 
the CO2 and CO peaks at 460 K show, and the 990 K of 
CO decreased after NO adsorption.  

Figure 3. CO2, CO and H2O profiles of carbon after adsorption under various gas components 

a. AC sample b. SO2 c. NO d. CB   e.SO2+CB f. NO+ CB g. SO2+NO+CB 
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Although most CB is physically adsorbed on AC, 

the surface changes of AC after CB adsorption are quite 
obvious, the 1000 K of CO2 and 990 K of CO 
decreased, while the 710 K of CO2 and 1040 K of CO 
increased. Lactone groups decompose into CO2 at 1000 
K, carboxylic groups decompose into CO2 at 673 K 
and quinone groups decompose into CO at 1000 
K[12].So the changes in the desorption of CO2 and CO 
after CB adsorption shows that the lactone and quinone 
groups on the carbon tend to combine with CB to form 
weak chemisorbed CB, with the original groups 
transformed to carboxylic groups after the 
decomposition of the chemisorbed CB. 

SO2 and NO occupy the basic functional groups 
like the quinone groups[13], CB is likely to be 
combined with the lactone and quinone groups. Thus, 
the greater interaction between SO2 and quinone 
groups decreased NO and CB adsorption. As the 
lactone groups combines with CB, and the adsorption 
potential energy of organic gas is larger than inorganic 
gas [14], CB adsorption is less affected from other 
components. 

4. Conclusions 
 
Multiple pollution control process by activated 

carbon is quite beneficial for SO2 removal, while NO is 
much more suitable to be adsorbed under no SO2 
situation or lower concentration SO2; CB is relatively 
less affected by other component. When all the 
components exist, SO2 adsorption amount increased for 
202%, while NO decreased for 95.6% and CB 
decreased for 27.6%. According to the main desorption 
temperature of desorbed products, the combining 
strength between gas molecules and AC follows the 
order of SO2 > CB > NO. The gas adsorption changed 
the carbon surface properties differently according to 
different gas component, the desorbed CO2, CO, H2O 
curves from AC indicate that SO2 and NO occupies the 
quinone groups, and CB is likely to be combined with 
the lactone and quinone groups. The greater interaction 
between SO2 and quinone groups decreased NO and 
CB adsorption, while CB can be combined with the 
lactone groups, so CB adsorption is less affected from 
other components. It can be inferred that the VOCs 
removal is not greatly affected by gas components 
while the increase of the lactone groups on AC might 
be favor for its removal. 
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Abstract 
Worldwide, approximately three billion people cook their food using biomass fuels such as wood, charcoal, crop residues, and 

animal dung. The emissions produced by these smoky fires lead to four million premature deaths annually and large environmental 
consequences. While the negative effects of biomass burning have spurred much research into designing less polluting cookstoves, 
researchers need a knowledge-base to draw from when making design decisions. However, previous research has measured these 
emissions relatively far away from the source, not exploring how the design modifications affect the actual combustion. In this study, 
the emissions from an improved cookstove, the Berkeley-Darfur Stove, and single blocks of wood are examined in-situ using laser 
extinction. The pollutant production, measured by the opacity or soot volume fraction, was compared between the two systems to gain 
a deeper understanding of combustion in the stove while providing initial steps towards a non-intrusive sampling system for pollutant 
production in cookstove combustion chambers. 

 
Keywords: Berkeley-Darfur Stove, Cookstoves, Humanitarian Engineering 
 

 

1. Introduction 
Smoke from current biomass cooking stoves used 

by three billion people around the world leads to 
enormous health and environmental issues. This smoke 
is associated with 4 million deaths per year due to 
adverse impacts on respiratory, cardiovascular, 
neonatal, and cancerous conditions, and was recently 
determined to be the largest environmental threat to 
health in the world [1, 2]. Biomass cooking has also 
been found to significantly contribute to global climate 
change, including promoting increased snow and ice 
melt [3, 4]. 

 
Due to the undesirable side effects caused by 

current cooking practices, there is considerable interest 
in developing fuel-efficient biomass stoves with 
hundreds of researchers around the world striving to 
reduce pollutant emissions [5]. However, few of those 
researchers are specifically studying the combustion 
occurring in the stove; instead, the focus is on 
emissions that have left the stove. Emission 
measurements provide a useful overall emission profile 
for the stove, however only non-intrusive diagnostic 
techniques that probe the combustion chamber can 
provide the flame characteristics on a local level so that 
the regions of the stove to be modified for emissions 
reduction will be known instead of hypothesized. 

 
Applying modern combustion diagnostic 

techniques, similar to those used for engines and power 
plants, to cookstoves will provide insight about the 
characteristics of combustion in stoves that have 
previously gone unmeasured. 

 

2. Experimental methodology 
Laser extinction was chosen as the measurement 

technique for this system as it is well-known, adaptable, 
nonintrusive, and robust, even being used as a 
calibration technique for other methods [6, 7]. It is a 
line-of-sight technique that measures the attenuation of 
the laser beam, that is, how much of the laser light is 
attenuated by particulates in the beam-path, as it passes 
through the flame. A limitation of the extinction 
technique is that it does not reveal soot size distribution 
(which is particularly important to assess human health 
effects); this would require more elaborate experiments 
(such as laser-induced incandescence) or a sampling 
approach. Importantly, the simplicity of extinction 
allows for more flexibility in experimentation as only 
requiring one laser to go through the fire lessens the 
number of optical entry points needed into the stove. 

 
A 1064 nm continuous wave laser was used with a 

frequency-controlled chopper fixed at 170 Hz to 
provide laser pulses. The 1064 nm wavelength laser 
was chosen to avoid some well documented issues with 
polycyclic aromatic hydrocarbon (PAH) absorption 
created when using a laser in the visible spectrum [8]. 

 
Soot volume fraction is determined from the laser 

extinction measurements, which in the case of a wood 
flame, is not just related to soot but all opaque 
components of smoke. The light extinction coefficient 
(Ke) is dependent on the fuel and laser wavelength. 
From the work done by Choi et al., the Ke value was 
chosen to be 9.0, although this is likely to be an 
overestimation due to the differences in laser 
wavelengths between that work and the current 
experiment (633 nm vs 1064 nm) [6]. 
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3. Wood block trials 
Solid fuel systems are quite difficult to analyze due 

to the non-homogeneity of the system, so it was useful 
to obtain example burn profiles of a relatively well-
defined system. As a simplified trial, the combustion of 
individual 20 mm cubes of locally-sourced Australian 
Douglas fir was explored. 

3.1 Experimental setup and protocol 
 
Each wood block was combusted using a 

continuous natural gas flame located 45 mm below the 
center of the block. The grain of the wood was parallel 
to the laser, which was aligned along the centerline of 
the wood block, 10 mm above the surface of the wood 
block. 

 
All trials were recorded with a video camera 

focused in-line with the laser. This provides 
simultaneous data of the observational occurrences of 
flame and the measured emissions (attenuation). 

 
Two conditions were examined with the wood 

blocks. In the first condition, a single block was held by 
a clamp with a flame surrounding it, revealing the full 
burn profile of the wood. In the second, a single block 
was placed on a flame limiter made of mesh with 
circular holes of 4 mm diameter separated by 2 mm, to 
prevent direct contact of the natural gas flame with the 
wood so the block was being heated but not allowed 
flaming combustion. This simulated the portion of the 
fire when wood is releasing some volatiles but unable 
to get the heat needed to transition to flaming 
combustion. 

 
For the wood block trials, the optical path length 

(L) was considered to be the width of the wood block, 
namely 20 mm. In general, this leads to an 
overestimation of the path length. Time-averaged 
samples were taken every 15 seconds for the flame 
limiting trials and every 5 seconds for the open flame 
trials, allowing a visualization of the trends while 
averaging the fluctuations created by turbulence and an 
extremely variable flame. 

4. Berkeley-Darfur trials 
To compare the basic burn configurations from the 

wood block with a real world condition, emissions from 
the Berkeley-Darfur Stove (BDS), an improved 
cooking stove, were also examined. The BDS is a 
wood-burning cookstove developed at Lawrence 
Berkeley National Laboratory (LBNL) for internally 
displaced persons in Darfur, Sudan. It is a proven fuel-
efficient, natural-convection stove [9, 10]. Wood is 
combusted on a cast iron grate within a metal firebox to 
promote proper air flow through the combustion 
chamber and reduce heat losses to the environment. 

 

4.1 Experimental Setup and Protocol 
 
Five pieces of 20 × 20 × 150 mm Douglas fir were 

used as fuel. For each trial, the wood was stacked in a 
slightly askew pyramid (Fig. 1) such that the natural 
gas flame would ignite the middle of the stack. The 
bottom two pieces of wood were laid in a v-shape with 
the back ends touching and the front ends 
approximately 40 mm apart. The second layer was also 
v-shaped, approximately 10 mm apart in the front. The 
top stick was laid diagonally across with its front and 
back corners aligned with the centerline of the pieces 
directly below. The wood was ignited using a natural 
gas flame for 3 minutes; if the wood did not ignite in 
the first 3 minutes, 30 extra seconds of natural gas 
ignition were added to the test. 

 
The wood was allowed to burn untended; no sticks 

were moved or turned and the fire was not fed. Data 
was recorded from the end of the natural gas ignition 
until no visible flame remained in the firebox. 

 
Three holes, each of diameter 6.35mm, were 

drilled in the stove body wall and the firebox, 
perpendicular to the firebox opening, to allow the laser 
beam to pass through the stove with minimal light 
pollution from the flame reaching the photodiodes. The 
beam was aligned to the center of the firebox and 
approximately 10 mm above the top wood stick in the 
pyramid. For some trials, a camera viewed the burning 
wood pile from the firebox opening (perpendicular to 
the laser) to obtain an average flame width; other trials 
viewed the flame through a hole cut directly above the 
hole for the laser to observe when the laser was 
traveling through a flaming region. 

 
For the BDS case, the path length was known to be 

no larger than the inner diameter of the firebox (190 
mm) so that was chosen as the optical path length. It is 
important to note that in the majority of instances the 
path length is much smaller than the firebox, so the 
calculated soot volume fractions are potentially 
significant underestimations. Time-averaged 
measurements were taken every 30 seconds. 

 

 
Figure 1: Wood configuration in Berkeley-Darfur Stove 

trials. 
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5. Results 
Trials revealed several trends in the wood 

combustion profile for a single block of wood that 
could be easily compared to the combustion in the 
BDS. Data from a few trials are shown in Figs. 2–5 to 
show examples of these trends. 
 
From the observational videos of the case presented in 
Fig. 2, it is determined that charring of the wood begins 
almost immediately as the volatiles are released. From 
0–180 seconds, the emissions measurements are 
sporadic. At this stage of combustion, values are higher 
and more variable while the wood is heating and 
releasing volatiles with lots of visible smoke, than 
values at a time greater than 200 seconds, when the 
wood is fully ignited. Once the exterior of the wood 
block has caught fire (at approximately 200 seconds), 
the emissions measurements drop dramatically. Only 
when the wood block is fully burning from the interior 
of the block (starting at approximately 330 seconds) is 
there any variation in the opacity. However, there is no 
visible smoke during this time, indicating these values 
relate solely to the release of soot. The ember fully 
extinguishes with a puff of smoke at around 480 
seconds. 
 
Figure 3 shows the results from the laser extinction 
measurements for a typical BDS trial. Clear trends 
between the BDS trials and the wood block trials are 
evident. In Fig. 2, the fuel is allowed to fully flame and 
combust. When compared to Fig. 3, this indicates that 
during the BDS trial, the top stick is fully flaming and 
combusting in similar peaks. There is more variation as 
multiple sticks are at different stages of combustion at 
the same time, but the general trend is evident and 
provides an indication of the application of scale. That 
is, the results of a “simple” cube of solid fuel can be 
extrapolated with some confidence to more complex 
configurations of batch-fed solid fuel combustion. 
 
Observational data indicates the presence of smoke for 
the first 400 seconds. After this stage, the exterior of 
 

 
Figure 2: Typical results of the soot volume fraction from 
laser extinction measurements of a 20 × 20 ×20 mm Douglas 
fir wood block during the entire burn cycle. 

 
Figure 3: Typical results for a BDS trial throughout the entire 
burn cycle. 

 
 

the top stick fully ignites along with the other sticks, 
greatly decreasing the laser light attenuation. At 
approximately 800 seconds, the fire burns the entire 
stick prior to burning out.  These trends are very similar 
to those found for the wood block. 
 
From an emissions reduction standpoint, it is evident 
even from these preliminary results that fully flaming 
combustion is the key mode for reduced emissions. 
Stoves should be designed to reduce the ignition time 
and the duration of smoldering, incomplete 
combustion, which produce much smoke and 
pollutants. 
 
To further examine the precursor to the ignition stage, a 
20 mm cubic wood block was heated above a flame 
limiter. The results, combined with visual analysis, 
show very little opacity, little charring, and only minor 
peaks in the data. Example results are shown in Fig. 4. 
The results of extinction measurements with visual 
analysis indicate the wood block is releasing volatiles 
slowly without fully smoking. 
 
The results in Fig. 4 help describe some unusual results 
obtained during the BDS trials. An example of these 
atypical BDS results is shown in Fig. 5. Although the 
same protocol was followed for both BDS trials shown 
in Figs. 3 and 5, due to the variable nature of wood 
combustion, the results are quite different. However, 
the results shown in Fig. 5 are similar to those shown in 
Fig. 4; the attenuation is small, but emissions are 
measureable. The peaks between 1000–1600 seconds in 
Fig. 5 are likely owing to the initiation of combustion 
of other sticks in the wood pile. 
 
The similarity between Figs. 4 and 5 suggests that in 
some BDS trials, the top stick is never releasing smoke 
in view of the laser. However, as all wood piles were 
burned to completion for each trial, the top stick must 
be burning outside of the path width of the laser, which 
can happen if the wood pile collapses before the top 
stick is fully ignited. This indicates a future 
fundamental direction to explore in full stove testing – 
a multidimensional laser system to capture the three-
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dimensional burning profile characteristics of the wood. 

 
Figure 4: Example wood block trial where the wood block is 
sitting on a mesh flame limiter. 

 

 
Figure 5: BDS trial where the top stick never fully 
ignited. 

6. Future Work 
Laser diagnostic tests could provide valuable 

information to the cookstove community, but there is a 
long way to go before comprehensive data is obtained. 
A line-of-sight measurement system often misses 
valuable information about the wood if the flame 
travels away from the laser beam. Averaged 
measurements can be misleading due to the turbulent 
and sporadic nature of the flames and erroneous 
readings could be due to water vapor, etc. Future work 
will continue to study the effects of cookstove design 
modifications on wood block combustion to solidify the 
knowledge-base and explore the use of laser diagnostic 
techniques applicable in particle-laden reacting flows 
[11]. 

7. Conclusions 
Laser extinction measurements and visual analysis 

have been conducted on the combustion of burning 
wood in isolation and in a BDS. Results indicate that 
emissions are highest during ignition and during the 
final stages of combustion. That is, pollutant emissions 
are quite low when the fuel is fully ignited and fully 
burning. The ignition section of a burn is the smokiest, 
followed by the extinction of the flame. Modifications 

to reduce the ignition and extinction portions of burns 
would be helpful in reducing the smoke output of 
stoves. Additionally, trends in results from tests of 
single pieces of wood correspond to findings in the 
BDS with piles of wood. 
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Abstract 
Emissions from wildfire have a range of environmental impacts, hence there is a need to understand their fundamentals of production 
to minimise these impacts.  In this work experimental fires were conducted in a combustion wind tunnel to explore the role of fire 
type on the resulting emissions profile from eucalyptus litter fuels.  Fires were burnt spreading parallel to the wind (heading fire), 
perpendicular to the wind (flanking fire) and in the opposite direction to the wind (backing fire), and were replicated six times to 
provide 18 experimental fires overall.  Two cavity ring-down spectrometers were used to measure CO2, CO, CH4 and N2O emissions. 
Time series data of excess mixing ratios for emissions show significant differences between head fires and the other two fire types.  
For head fires, the combustion duration is much shorter and the emissions peaks are significantly higher than flanking or backing 
fires.  Statistically significant differences were found in the CO2 and CO emissions factors and also the fraction of carbon left in the 
post-fire combustion residue for different fire types.  The results show that backing fires emit less CO2 and CO to the atmosphere and 
leave more carbon in the post-fire residue compared to heading fires. Overall, the results from this manuscript shed light on how 
management of fire type could potentially mitigate carbon emissions for forest fires. 
 
Keywords: Forest fires, greenhouse gas emissions, fire management, combustion wind tunnel. 
 

 

Nomenclature 
CO2: Carbon dioxide, 
CO: Carbon monoxide, 
CH4: Methane, 
N2O: Nitrous oxide, 
∑𝐶𝑒𝑚𝑖𝑡  is the mass of carbon emitted to the atmosphere, 
𝐶𝑓𝑢𝑒𝑙  is the mass of carbon exposed to fire, 
𝑋 is the xth emissions species (e.g. CO2, CO etc), 
∆𝑋 is an excess mixing ratio of the plume concentration 
above the ambient concentration (i.e. ∆𝑋 = 𝑋𝑝𝑙𝑢𝑚𝑒 −
𝑋𝑎𝑚𝑏𝑖𝑒𝑛𝑡), 
∑𝑁𝑀𝐻𝐶 is the sum of all non-methane-hydrocarbons, 
𝑃𝐶 represents the concentration of particulate carbon, 
𝑛 is the number of carbon atoms in pollutant 𝑋, 
𝐸𝐹𝑋 represents the emissions factor of pollutant 𝑋, 
MCE: Modified Combustion Efficiency ( ∆𝐶𝑂2

∆𝐶𝑂2+∆𝐶𝑂
). 

1. Introduction 
Wildfires emit a variety of pollutants to the 

atmosphere which affect human health, ambient air 
quality, biogeochemical cycles and global warming.  
Globally, emissions from wildfires contribute 23% [1, 2] 
of total anthropogenic greenhouse gas equivalent 
emissions.  There is, therefore, a need to understand the 
fundamentals of wildfire emissions production to 
minimise its environmental impacts. 

 
Wildfires burn with different fire types (i.e. heading, 

backing and flanking) within an individual fire, which 
poses some problems for plume sampling for emissions.  
Typically the experimentalist will sample from the 
plume integrated emissions involving contributions from 

all three fire types mixed together in unknown ratios.  
With this sampling approach it is not practical to sample 
emissions from the individual emissions components 
from fires; a problem which this set of measurements 
aims to rectify.  Studying the emissions from different 
components of a fire potentially enables management of 
fire types to meet environmental requirements by 
changing the relative proportions of each fire type 
present. 

2. Methodology 
The methodology for undertaking the experiments 
involved collection of the fuels in the field followed by 
drying and sieving before experimental burns took place.  
Fuel was then placed in a combustion wind tunnel where 
fires were burnt with different orientations with respect 
to the wind.  Following this, gas phase emissions 
measurements were made in the exit section of the wind 
tunnel downstream of the working section. 

2.1 Field collection and preparation of fuels 
Vegetation for the experimental fires was collected 

from Kowen Forest (located in North-Eastern ACT) in a 
stand dominated by Eucalyptus macrorhyncha and 
Eucalyptus rossii.  Fallen litter was collected from the 
forest floor which was composed of leaf, bark and twig 
components.  After collection of the fuel, it was sieved to 
remove coarse fuel fractions (> 6 mm in diameter) and 
fragmented material from the soil fermentation layer. 

 
After sieving, the fuel was oven dried at 50 oC for at 

least 24 hours to reduce the fuel moisture content 
(expressed as a percentage of the oven dry weight) to 
4.6-6.8%.  Therefore, the minimum fuel moisture 
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content (<5%) achieved during experiments is typical of 
that occurring in the high intensity and erratic 
combustion conditions of major Australian wildfires [3-
5]. 

 
After fuel moisture conditioning, the working 

section of the wind tunnel was prepared for testing with 
a fuel load of 1.1 kg/m2 (or 11 tonnes/hectare).  The size 
of the fuel bed was 6 m2 (4m x 1.5 m) for heading fires 
and 2.25 m2 (1.5 m x 1.5 m) for flanking and backing 
fires.  Fires were started using a lighter and a 1.5 m long 
ignition bar filled with ethanol (60 ml volume), which 
was placed in a different position, relative to the air flow, 
for each fire type.  Wind speeds of 1.5 m/s were used 
during all fire experiments. 

2.2 Combustion wind tunnel testing 
Experimental fires were conducted in the CSIRO 

Pyrotron which is a facility designed to investigate 
combustion of free-burning laboratory-scale fires [6].  
Air for combustion is supplied upstream from the 
working section (where vegetation is placed) using a 
1.372 m diameter centrifugal fan.  Air flow above 1 m/s 
has a turbulence intensity of < 0.6% [6], which is much 
lower than turbulence intensities encountered under field 
conditions.  The Pyrotron has a 2 m x 2 m cross-
sectional area and is 25.6 m long. 

 
Overall, the objective of the experiments was to 

explore the role of fire type on the resulting gaseous 
emissions profile.  This experimental design is motivated 
by the fact that wildfires in the landscape are composed 
of different fire types [7]; hence these experiments 
sought to decouple fire emissions from fire type.  Three 
fire types were investigated; namely, heading fires 
spreading with the wind direction, flanking fire 
spreading perpendicular to the wind direction, and 
backing fires which spread against the wind.  All fire 
types were replicated 6 times giving a total of 18 
experimental fires. 

2.3 Emissions measurements 
A schematic of the experimental configuration 

appears in Fig. 1.  Gas and particle phase emissions 
samples were obtained from the exit section of the wind 
tunnel, downstream of the working section where 
combustion occurred.  A ½ inch diameter stainless tube 
positioned at a height of 840 mm above the floor of the 
combustion wind tunnel was used to sample gas and 
particle phase samples separately.   

 
Gas phase measurements were performed using two 

cavity-ring-down-spectrometers (Los Gatos Research).  
One instrument measured CO2/CH4 (Greenhouse Gas 
Analyser GGA-24r-EP) and the other measured N2O/CO 
(N2O/CO Analyser 907-0015) emissions in slow flow 
mode.  The cavity-ring-down technique works by laser-
absorption spectroscopy whereby a laser beam is passed 
through a gas sample and the Beer-Lambert law permits 
quantification of the mixing ratio through sample 

absorbance [8].  Both instruments collected data with a 1 
Hz sampling frequency.   

Figure 1: A schematic (not to scale) of the fire emissions experimental 
set-up at the CSIRO Pyrotron. 

For gas phase measurements, the sample flow had to 
be mixed with a diluent to enable quantification of 
N2O/CO simultaneously.  It was discovered during 
calibrations that there was spectral broadening of the CO 
absorbance peak with smouldering combustion which 
prevented the N2O absorbance peak from being 
quantified.  A dilution ratio between 5.7 and 6.0 was 
used for flanking and backing fires, whilst a dilution 
ratio between 5.9 and 10.7 was used for heading fires.  
Heading fires required the dilution ratio to be increased 
during the test which is why these dilution ratios are 
higher than those for flanking and backing fires. 

 
Gravimetric particulate phase emissions were 

obtained by collecting particles from the air flow on a 
Teflon filter for the total duration of an individual test.  
Time-resolved particle mass concentrations were 
obtained with a TSI 8530 Dust-Trak operating with a 10 
second averaging window. Although particulate 
emissions sampling was conducted only the gas phase 
emissions results are presented in the present manuscript. 

2.4 Data analysis  
To calculate emissions factors for different carbon 

and nitrogen based pollutants a mass balance approach 
developed by Radke et al. [9] was used.  Before applying 
this technique, the ambient mixing ratio before testing 
was subtracted from the diluted plume mixing ratios and 
then the excess mixing ratios were multiplied by the 
dilution ratio to provide excess mixing ratios for the 
plume.  

 
The emissions factor for carbon dioxide (𝐸𝐹𝐶𝑂2) is 

given by: 
 

𝐸𝐹𝐶𝑂2 =

∑𝐶𝑒𝑚𝑖𝑡
𝐶𝑓𝑢𝑒𝑙

1 + ∆𝐶𝑂
∆𝐶𝑂2

+ ∆𝐶𝐻4
∆𝐶𝑂2

+ ∆∑𝑁𝑀𝐻𝐶
∆𝐶𝑂2

+ ∆𝑃𝐶
∆𝐶𝑂2

. 

 
(1) 
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To calculate the CO2 emissions factor, the fraction of 

fuel carbon emitted to the atmosphere (∑𝐶𝑒𝑚𝑖𝑡 𝐶𝑓𝑢𝑒𝑙� ) 

was substituted into the numerator, and the time 
integrated (i.e. over the whole fire) emissions ratios (e.g. 
∆𝐶𝑂

∆𝐶𝑂2� ) were substituted into the denominator. 
 
To calculate carbon based emission factors (other 

than CO2) the following equation was used: 
𝐸𝐹𝑋 = Δ𝑋

Δ𝐶𝑂2
𝑛𝐸𝐹𝐶𝑂2 .  (2) 

 
By definition, the sum of all carbon based emission 
factors equals the fraction of fuel carbon that is emitted 
to the atmosphere.  This result is given by: 

∑ 𝐸𝐹𝑋𝑋 = ∑Cemit
Cfuel

. 
To estimate emissions factors for N2O, equation (2) 

is divided by the molar nitrogen-to-carbon ratio of the 
fuel.  Performing this calculation makes nitrogen based 
emission factors independent of the nitrogen content of 
the fuel [10] and yields a result giving the fraction of fuel 
nitrogen emitted as species 𝑋.  Nitrogen-to-carbon ratios 
(total N=15N+14N and total C=13C + 12C) were estimated 
from un-burnt fuel samples using Isotope Ratio Mass 
Spectrometry. 

 
When sampling from wildfire emissions plumes it is 
worth noting that the absolute concentrations hold no 
special significance, since the emissions are subject to 
variable levels of dilution [11].  To rectify this problem, 
a common approach in the literature is to report 
emissions ratios using a reference gas.  For carbon based 
emissions, either CO2 or CO are typically used as a 
reference gas.  The selection of which gas to use as the 
reference gas depends on the quality of a linear fit 
between the gas of interest (Y axis) and the reference gas 
(X axis).  Figure 2 shows correlation plots for 
incomplete combustion products using either CO2 or CO 
as a reference gas.   
 
The best linear fit is obtained for CH4 using CO as a 
reference gas (R2=0.942) and using CO2 as a reference 
gas for N2O emissions (R2=0.811).  These results show 
that CH4 is emitted when significant amounts of CO are 
produced and that N2O is emitted when significant 
amounts of CO2 are produced.  Overall, the degree of fit 
with both reference gases was quite similar so the choice 
was made to use CO2 as a reference gas since it is the 
dominant carbon form in the plume and it is also a 
relatively easy gas to measure [12]. 

 
Figure 2: Linear fits of excess mixing ratios using either CO2 or 

CO as a reference gas. Top left panel: CO plotted against CO2 
(R2=0.872, CO=-3.99+0.097CO2). Top right panel: CH4 plotted 
against CO2 (R2=0.871, CH4=-0.144+0.00442CO2). Centre left 

panel: N2O plotted against CO2 (R2=0.811, N2O=0.00123+3.79x10-

5CO2). Centre right panel: CH4 plotted against CO (R2=0.942, CH4=-
0.0657+0.0443CO).  Bottom centre panel: N2O plotted against CO 

(R2=0.788, N2O=0.00346+3.61x10-4CO). 

3. Results and discussion 
Time series data for the excess mixing ratios of 

CO2, CO, CH4, and N2O are shown in Fig. 3. Figure 3 
shows a reduction of the combustion duration and higher 
emissions peaks with heading fires compared to the other 
two fire types.  The time series data for flanking and 
backing fire emission ratios exhibit similar temporal 
variability. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Time series of excess mixing ratios for the 3 different 

fire types (Top left panel: CO2, Top right panel: CO, Bottom left 
panel: CH4, Bottom right panel: N2O).  Each line of a particular 

colour represents one, of six, replicates. 
 
Emissions factors for carbon and nitrogen based 

species are shown in Fig. 4.  Statistically significant 
differences exist in the CO2 and CO emissions factors 
and residue production for different fire types.  Heading 
fires produce the most CO2 (per unit of carbon burnt), 
followed by backing fires and then flanking fires.  
Heading fires produce the most CO whilst there is no 
significant difference in CO production between backing 
and flanking fires. Flanking fires leave the highest 
fraction of carbon in the post-fire combustion residue, 
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followed by backing fires and then heading fires. Figure 
4 also shows that between 64 % (flanking fire) to 74 % 
(heading fire) of fuel carbon is lost as CO2, and between 
5.7 % (flanking fire) to 12.6 % (heading fire) of fuel 
carbon is lost as CO.  Emissions factors for CH4 and 
N2O are much smaller with CH4 emissions being 0.4-
0.5% of fuel carbon and N2O emissions being 0.3-0.6% 
of fuel nitrogen respectively. 

 
The only Australian study for which comparisons 

can be made for the emissions factors derived in the 
current work are from emissions measurements made by 
Hurst et al.[13] in temperate forest near Sydney. Based 
on an average from three wildfires and a prescribed burn, 
Hurst et al. found that about 9 % of fuel carbon was lost 
as CO, approximately 0.5 % of fuel carbon was lost as 
CH4, and 0.77 % of fuel nitrogen was lost as N2O.  
These three emissions factors agree quite well with those 
derived from the current study.  Differences are 
apparent; however, in the CO2 emissions factor and the 
fraction of residue after combustion.  Hurst et al. 
assumed a residue carbon fraction of 6 % which is 
significantly lower than the 12-30 % range observed in 
our laboratory based fires.  As a result, our CO2 
emission factors range from 64-74% which is much 
lower than the Hurst et al. value of 85%. 

 
 
Figure 4: Carbon and nitrogen based emissions factors from the 

experimental burns. 

4. Conclusions  
The role of fire type on the emissions profile from 

temperate Australia forest fuels has been studied in a 
combustion wind tunnel facility.  Significant differences 
were found in the amount of fuel carbon either emitted 
as CO2 or CO or left in the post-fire combustion residue.  
Consequently, these results have implications for fire 
management in forested landscapes.  Strategic use of 
backing fires could be adopted during fuel reduction 
burns to limit the emissions of CO2 and CO to the 

atmosphere and also to leave more fuel carbon as a 
residue to be assimilated into soils relative to head fires.  
Although much further research is required, it appears 
that fire type management has a role to play in mitigating 
carbon emissions from landscape fires. 
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Abstract 
Ignition and combustion of 55 μm crystalline boron particles with initial oxide thickness (x0) ranging from 0-1.384 μm were 

studied using a laser ignition system. Numerical simulations were conducted on the ignition of boron particle covered with oxide layer 
using MATLAB programming. Experimental results showed increase initial thickness of the oxide layer retarded both the ignition and 
combustion of boron particles. The highest intensity peak of the emission spectrum of BO2 was weakened by about 70%, ignition 
delay time (td) increased from 105 ms to 165 ms, and combustion efficiency decreased from 45% to 18%, as the initial oxide 
thickness was raised from 0 to 1.384 μm. When x0 was relatively small, td was found to be very sensitive to x0. While as x0 
turned thicker, the sensitivity dramatically reduced. Numerical simulations revealed the first-stage combustion time of a single 
boron particle was a linear function of initial oxide thickness. As initial oxide thickness increased, the time required for complete 
removal of the oxide layer was found to be longer, but the removal rate was somewhat enhanced, which supported our interpretation 
of the experimental results of ignition delay time. 

Keywords: Boron, oxide layer, ignition, combustion 
 

1. Introduction 
Boron is the most ideal metallic fuel used in solid 

propellant because of its high volumetric calorific and 
gravimetric calorific value. Experimental and 
mechanism studies of ignition and combustion 
processes of boron particles have been extensively 
conducted by many researchers. Based upon previous 
work, the influencing factors of boron combustion can 
be concluded as two aspects, that is, properties of boron 
particles and external conditions. The physical and 
chemical properties of boron particle are very important 
for its ignition and combustion, such as crystallinity[1], 
surface morphology[2], particle size[3] and so on. 
External conditions such as temperature[4], pressure[5] 
and reaction atmosphere[6] are also important factors. 
Besides, certain additives or catalysts can also affect 
the ignition and combustion of boron[7-10]. 

In addition to the above, the oxide layer covering 
at the surface of boron particle plays a crucial role 
during ignition process. The oxide layer, which is 
present whenever the particle is in an oxygen 
containing atmosphere, inhibits further oxidation of the 
particle and therefore restricts the ignition process. It’s 
the main reason that boron is difficult to ignite. Burning 
of the particle is also restricted by the oxide layer[11]. 
The processes occurring during the ignition of a boron 
particle initially coated with an oxide layer are 
complex. First, the oxygen must diffuse through the 
liquid oxide layer and react with boron. As this 
exothermic oxidation occurs, it makes the oxide layer 
thicker, increasing diffusional resistance. At the same 
time, as long as the particle temperature keeps rising, 
boron oxide simultaneously evaporates from the layer, 
tending to thin the layer. During this period, if the oxide 
evaporation rate exceeds the generation rate, ignition 
would occur. But if it did not, the oxide layer would 

cease thinning out, the self-heating term would 
decrease, and ignition would not occur [12-14]. 

Due to retarded oxidation, the surface of boron 
particle is always coated by a thin oxide layer at room 
temperatures[15]. Theoretically, thickness of this layer 
must impact the ignition and combustion characteristics 
of boron particles. So far, only limited studies have 
been conducted on the effect of initial oxide layer on 
boron ignition. King[13] and Zhou et al[16] simply 
studied the effect of assumed initial oxide thickness on 
predicted ignition time with numerical calculations. 
Little amount of data exists for ignition and combustion 
of boron particles involving initial oxide thickness. The 
focus of this research is to reveal the influencing 
mechanism of the initial surface oxide layer on the 
ignition and combustion characteristics of boron 
particles. The ignition and combustion processes of 
boron particles with different initial oxide thickness are 
investigated using a laser ignition device. The kinetic 
process of boron ignition is analyzed through numerical 
simulation as well. 

2. Experimental 
Crystalline boron powder was used in this study. 

The average particle diameter was 55 μm and purity 
was 99.9%. The oxide layer of boron particle with 
different thickness was created through heating. The 
boron was heated in a tube furnace, and the oxide 
thickness was changed through adjusting heating time. 
The heating temperature was kept at 873 K (boron does 
not ignite at this temperature). The heating time was 
ranging from 5 to 30 minutes.  

Afterwards, the oxide thickness could be 
calculated. Assuming the oxide thickness is 0 at room 
temperature(usually less than 0.02 μm[17]), and there is 
no evaporation of oxide during heating process(result 
of our TG experiment proves this assumption). The 
sample weight before and after heating is mi and mf,  
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Fig. 1. Schematic diagram of laser ignition experimental system 

 
respectively, the radius of a boron particle is rP, the 
oxide thickness is x, the density of boron is ρB, the 
density of boron oxide is ρB2O3, the quantity of boron 
particles is l, then the equations of the sample weights 
are 

    (1) 

   
 (2) 

 (2) divided by (1) gives the oxide thickness 
   (3) 
The values of the various parameters in (1) and (2) 

are given in Ref.[12-13]. Zhou et al found the ratio of 
the oxide layer thickness to radius for a single boron 
particle could not exceed 0.068[16]. The oxide 
thickness obtained in this study is in the range of 0-
1.384 μm. 

A laser ignition system was used to study the 
ignition and combustion of boron particles with 
different initial oxide thickness x0. A schematic of the 
laser ignition system was shown in Fig. 1. The boron 
sample loaded in a ceramic crucible was placed at the 
bottom of an open quartz chamber. The sample was 
ignited by a commercial CO2 laser (Shanghai Yuhong 
Laser Equipment Co., China), which was water-cooled. 
The stimulated emission was firstly reflected by a 
reflector, and then focused onto the surface of the boron 
particle by a convex lens. The outlet beam diameter 
was about 1 mm. The emission spectroscopy during 
ignition and combustion of boron particles were 
measured by a fiber optic spectrometer (Netherlands 
Avantes BV Co., AvaSpec-2048). The spectrometer 
was triggered by the laser generator, to assure the 
synchronization of the spectrum signal and the ignition. 
Sample weight was measured by electron balance. 
During experiment, the laser power was kept at 150 W, 
and sample weight was 50 mg, O2 with a flow rate of 1 
L/min was injected into the quartz chamber to create 
O2 atmosphere. 

Spalding et al. suggest that the dominant spectrum 
in the visible wavelength range during the oxide layer 
removal stage of boron particle ignition is that of the 
BO2 molecule[3]. Therefore the ignition delay time td 
in our study is defined as the time from the onset of 
ignition to the instance when the spectrometer receives 
spectrum signal of BO2, as shown in Fig. 2. The  

 
Fig. 2. Emission spectra as a function of time during boron 

combustion 
 

combustion efficiency η is defined as ratio of the real 
weight gain to the theoretical weight gain. Assuming ω i 
and ω f represent the initial and final weight of boron 
sample respectively, the real weight gain is (ω f-ω i)/ω i. 
Because the product of boron combustion is B2O3, the 
theoretic weight gain then can be calculated as MO/MB, 
where MO and MB are the atomic weight of O and B. 
Then η can be expressed as follows: 

    (4) 

Numerical simulations have been conducted to 
describe the ignition process of a single boron particle 
covered with oxide layer. The governing equations of 
the kinetic model of boron ignition were programmed 
by MATLAB for computer solution. A fourth-fifth 
order Runge–Kutta numerical scheme ODE45 was used 
to solve the governing ODEs with high precision. 
Outputs included  oxide thickness as functions of time, 
and the first-stage combustion time t1(or ignition time) 
of boron particle, which is defined as the sum of the 
time from the onset of ignition to the instance when the 
oxide layer is completely removed and the time 
subsequent to the oxide removal up to the point at 
which the particle temperature reaches the melting 
point of boron, 2,450 K[5]. To compare with our 
experimental data, the following quantities were 
supplied as input parameters. The particle radius was 
27.5 µm. The ambient pressure was 1 atm. The mole 
fraction of O2 was 100%. The initial particle 
temperature was taken to be 1900K[4]. A value of 2000 
K was input arbitrarily according to the measured 
infrared temperature of burning surface. Governing 
equations used in this study are given in Ref. [17]. 

3. Results and Discussions 

3.1 Emission Spectrum 
Spectral data collected during laser ignition 

experiments is displayed in the form shown in Fig. 3. 
This Fig. shows the emission when the strongest signal 
has been detected. Comparing the observed 
wavelengths with previous work[18], the spectra data 
for wavelengths at 471, 492.9, 518.1, 547.1 and 579.1  
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Fig. 3. Emission spectra from 55 μm crystalline boron powder 

combustion in pure O2 showing emitters for each band 
 
nm are the emission spectrum of the gas-phase reactant 
BO2. This is consistent with the theoretical calculations 
of Brown, et al[19]  and the experimental results of Liu, 
et al[20] and Spalding et al[18]. It should be noted that, 
the highest intensity peak of the emission spectrum of  
BO2 shifts to a higher wavelength at 547.1 nm, 
compared to 518 nm measured by Spalding et al[18]. 
This can be ascribed to a lower ambient temperature in 
this study. 

From Fig. 3, it is evident that the emission 
spectrum intensity gradually decreases with increasing 
x0. Because BO2 molecule is the gas-phase reactant 
during boron combustion, this indicates that as x0 
increases, the intensity of boron combustion drops. The 
spectral peaks for wavelength at 547.1 nm are 
compared. The emission spectrum intensity is 
weakened by 2/3 as x0 increases from 0 to 1.384 μm.  

3.2 Ignition delay time and combustion 
efficiency 

Fig. 4 shows the ignition delay time and 
combustion efficiency versus initial oxide thickness. 
The ignition delay time is between 100-170 ms. It 
significantly increases with increasing x0. For particles 
with x0 of 0 μm, ignition delay time is much longer 
than the results of Spalding et al[18], which is less than 
25 ms. Their results are from 24 μm boron particles 
ignition in a shock tube at a pressure of 8.5 atm, and 
temperature of ~2500 K in atmospheres of pure O2. 
One of the possible explanations is that the heat loss 
during the ignition stage is much greater in this study, 
compared to Spalding et al[18]. The ignition delay time 
increases by about 60% (from 105 ms to 165 ms) as x0 
is raised from 0 to 1.384 μm. It indicates that a increase 
of initial oxide thickness is not conducive to boron 
ignition. A change of the sensitivity to x0 is observed 
from Fig. 4. When x0 is relatively small, td is found to 
be very sensitive to x0. While as x0 turns thicker, the 
sensitivity dramatically reduces. This may be related to 
the oxide layer removal rate. A more detailed analysis 
of this phenomenon is presented in section 3.3. 

Accordingly, the combustion efficiency decreases 
with increasing x0. As x0 is raised from 0 to 1.384 μm, 
combustion efficiency decreases from 45% to 18%. It 
suggests that the increase of initial oxide thickness  

 
Fig. 4. Ignition delay time and combustion efficiency versus initial 

oxide thickness from 55 μm crystalline boron powder combustion in 
pure O2 

 
retards the combustion of boron, making boron 
oxidation incomplete. Even in the presence of pure 
oxygen, boron is not completely burned due to the 
formation of glassy layer of boric oxide at the reaction 
interface. The glassy layer acts as a barrier for further 
diffusion of oxygen across the interface[21]. 

3.3. Numerical simulation 
Fig. 5 gives the predicted time for completely 

removal of boron oxide layer with various initial oxide 
layer thicknesses. Obviously, as x0 increases, the time 
required for complete removal of oxide layer is longer. 
As mentioned earlier, the oxide layer inhibits further 
oxidation of boron particle, and is the main reason that 
boron is difficult to ignite. Therefore the slower 
removal of oxide layer may leads to a longer ignition 
delay time. This supports our explanation of the 
observed increase in ignition delay time with increasing 
x0. The time required for complete removal of oxide 
layer gets more and more insensitive with increasing 
x0, which indicates the oxide layer removal rate is 
enhanced with increasing x0. Accordingly, when x0 is 
relatively thinner, the oxide layer removal rate is 
slower, resulting more sensitivity to x0 for ignition 
delay time. By contrast, when x0 is thicker, the oxide 
layer removal rate turns quicker, then the sensitivity to 
x0 will decrease. The numerical model predictions once 
again demonstrate and interpret the experimental 
results.  

 
Fig. 5. Predicted time for completely removal of boron oxide layer 

with various initial oxide layer thickness 
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Fig. 6. Predicted first-stage combustion time versus initial oxide 

thickness for single boron particle 
 
The first-stage combustion time t1 of single boron 

particle with various initial oxide layer thicknesses are 
also calculated, as shown in Fig. 6. In this study, t1 is 
usually defined as the sum of the time from the onset of 
ignition to the instance when the oxide layer is 
completely removed and the time subsequent to the 
oxide removal up to the point at which the particle 
temperature reaches the melting point of boron, 2,450 
K[6]. It can be found that t1 increases monotonically 
with increasing x0, which is in agreement with the 
calculation by King[12]. With linear fitting of the data, 
the value of Adj.R-Square is up to 0.99946, indicating 
t1 is a linear function of x0. The linear function is 
t1=1.70+55.24 x0. The result that first-stage combustion 
time is as a linear function of the oxide layer thickness 
was also obtained by Zhou et al[16], by simulating the 
sequential ignition and combustion of an isolated boron 
particle in chemically reacting gases. 

4. Conclusion 
Increase of initial oxide thickness retards both the 

ignition and combustion of boron particles. With 
increasing initial oxide thickness, the emission 
spectrum intensity during boron combustion and the 
combustion efficiency decreases, while the ignition 
delay time significantly increases. Results of numerical 
simulation demonstrate the experimental conclusions of 
ignition delay time. As initial oxide thickness increases, 
the time required for complete removal of the oxide 
layer is longer, but the removal rate is raised. The first-
stage combustion time is found to be a linear function 
of initial oxide thickness. 
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Abstract 
This paper mainly studied the influence of flue gas recirculation on reheat steam temperature, boiler efficiency and 

thermal efficiency and proposed a new kind of flue gas recirculation scheme. Taking a 600 MW coal-fired boiler as a based 
case, reheat steam temperature and net coal consumption rate were calculated at two different modes of flue gas recirculation 
and at different load condition. Results showed that using flue gas recirculation of extracting flue gas after low temperature 
reheater can increase reheat temperature by 1.60~2.29°C/(1%recirculation gas) and reduce net coal consumption rate by 
2.06~3.82g/(kW·h); using flue gas recirculation of extracting flue gas after economizer can increase reheat temperature by 
1.45~1.96°C/(1%recirculation gas) and reduce net coal consumption rate by 1.19~2.70g/(kW·h). 

Key words: flue gas recirculation, reheat steam temperature, net coal consumption rate 
 

1. Introduction 
For the large scale coal fired power plant is always 

operating under the off-design condition, the 
thermodynamic performance and safety of the whole 
unit will be affected to a certain extent. Under off-
design condition, the main steam temperature at high 
load condition will remain constant or changed a little; 
but at lower load, the main steam temperature and 
reheated steam temperature will decrease largely, 
especially when the load is lower than 70%. In addition, 
the off-design condition caused by coal variation can 
also result in the steam temperature not meeting the 
design requirements. The thermal efficiency will reduce 
0.5% for each 10°C drop in steam temperature [1]. So, 
effective methods must be taken to raise the reheat 
steam temperature and to enhance the efficiency of the 
boiler unit.  

The flue gas recirculation, from the tail of the 
boiler back into combustion chamber, can change the 
velocity and the temperature of the whole flue gas 
system, and further will change the heat transfer rate of 
the radiant heating surface and convection heating 
surface. Studies show that, per 1% recirculation gas can 
increase reheat steam temperature 2°C[2]. Besides, 
recirculation gas can prevent super heater from 
slagging, reduce the formation of NOx[3]. 

Flue gas recirculation also has some negative 
effects[4]. It will affect the stability of combustion and 
is bad to the burnout of fuel. Besides, the fly ash is also 
recycled with recirculation gas, which accelerates 
erosion of heating surface and increases the plant 
internal power consumption. 

In this study, the thermodynamics characteristics of 
a 600MW coal-fired boiler with flue gas recirculation 
are analyzed, and a new flue gas recirculation is 
proposed. The influences of flue gas recirculation on 
the reheat steam temperature, boiler efficiency and net 
coal consumption is detailed. 

2. The improved flue gas recirculation system 

A conventional flue gas recirculation system 
extracts flue gas between economizer and air heater, 
with the flue gas temperature of 250~350°C and the 
recirculation rate about 5~20%[4]. 

In this paper, another gas recirculation system is 
proposed in which the flue gas is extracted between low 
temperature reheater and economizer, with the flue gas 
temperature of 400~500°C and the recirculation rate 
depends on boiler load. 

Because of the high temperature(400~500°C)of the 
recirculation gas, the recirculation fan cannot meet the 
temperature requirements .Besides the higher fly ash 
concentration will accelerate erosion of recirculation 
fan. To solve this problem, an ejector [5] is employed.  
The low pressure recirculation gas is entrained by high 
pressure hot air and sent into furnace. 

Guigang Power Plant will be studied as the based 
case in this study, whose turbines are 600MW 
supercritical condenser steam units of single 
intermediate reheat and single-shaft.  

Tab.1 The main design parameters of the boiler 
Item Unit BRL 75% 50% 

Superheated steam flow t/h 1792.3 1212.7 792.5 
Superheated steam outlet 

pressure MPa 25.25 24.64 15.45 

Superheated steam outlet 
temperature °C 571 571 571 

Reheated steam flow t/h 1488.4 1030.5 688.3 
Reheated steam inlet pressure MPa 4.15 2.86 1.89 

Reheated steam outlet pressure MPa 3.97 2.73 1.8 
Reheated steam inlet 

temperature °C 306 282 291 

Reheated steam outlet 
temperature °C 569 569 569 

Feedwater temperature °C 279 255 232 
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Fig.1 The diagram of boiler structure 

1-division pendant superheater 2-platen superheater 3-final reheate 4-
final reheater 5-low temperature vertical segment   6-low temperature 
vertical horizontal segment 7-economizer 8-air heater 9-ejector 10-
burner 

3. The model of heat transfer for flue gas 
recirculation 

The calculation model contains two parts, one is 
the thermodynamic calculation of furnace; the other is 
half radiation and convection heating surface 
calculation. The calculation process and formulas 
mainly refers to the Standard Method of Boiler 
Thermodynamic Calculation issued by the former 
Soviet Union in 1973. Some assumptions have been 
made for the simplicity. 

 
3.1 The thermodynamic calculation of furnace 
1) Calculation of furnace structure size; 
2) Calculation of the heat per kilogram fuel taking 

into furnace, selections of the temperature of the hot 
air and the coefficient of flame center position; 

3) Assuming the outlet of the flue gas temperature 
of furnace; 

4) According to the radiation heat transfer 
parameter of furnace heating surface, calculating flue 
gas temperature of the furnace outlet; 

5) Check the temperature difference of furnace 
outlet. 

 
3.2 Half radiation and convection 

heating surface calculation steps 
1) Assuming flue gas outlet temperature of the 

heating surface, according to the outlet enthalpy, and 
then calculating the convection heat transfer; 

2) Based on the thermal balance principle, 
calculating outlet enthalpy and temperature of steam; 

3) Calculating logarithmic mean temperature 
difference; 

4) Calculating the heat transfer coefficient of flue 
gas, the heat transfer coefficient of steam and radiation 
heat transfer coefficient of flue gas; 

5) Calculating the convection heat transfer 
coefficient; 

6) Calculate the convection heat transfer, 
compared with the results of step 1, the difference 
should be within the allowable range; otherwise 
assuming flue gas temperature of the heating surface 
outlet again, repeat the above calculation. 

3.3 The main assumptions in the thermodynamic 
calculation 

1) The determination of recirculation rate: the 
recirculation rate needed was estimated to ensure the 
reheat temperature can reach the design value and main 
steam temperature and reheated steam temperature must 
not exceed the design temperature value. 

2) The main steam and reheated steam flow 
remain unchanged. According to the principle of 
positive and negative balance of boiler, fuel quantity is 
calculated under the condition of flue gas recirculation. 

3) The use of ejector increases the blower’s 
entrance pressure. In the calculation of blower power 
consumption, assuming that the efficiency of the blower 
remains unchanged, only considering the change of 
pressure and flow. 

4) When calculating the incomplete combustion 
loss, we assume that the coal’s ash content and low 
calorific value keeps invariant, only considering the 
change of fly ash content and the carbon content of fly 
ash. So, according to the incomplete combustion loss 
formula, the loss can be achieved. 

5) In the process of flue gas recirculation 
calculation, we need to assume a coal consumption to 
carry out thermodynamic calculation. When finishing 
the calculation first time, we will get a new 
recirculation temperature which is always higher than 
the former one, and then we need to repeat the 
calculation process with the new recirculation 
temperature until the error is less than 1%.  

4. The main results and discussion 

According to the energy and heat transfer 
conditions, adding different amount of coal means 
different steam parameters and exhaust gas temperature, 
which can be described the one-to-one correspondence 
between fuel quantities and exhaust gas temperature, 
steam parameters. Some results may not meet to the 
steam requirements, but they are still reasonable. In the 
process of actual operation, the fuel quantities are 
changed to realize the control of steam temperature 
according to the actual operation curve. In this study, a 
proper fuel increment is selected to obtain proper steam 
parameters. 

4.1The influence on steam temperature 

According to the energy and heat transfer 
conditions, adding different amount of coal means 
different steam parameters and exhaust gas temperature, 
which can be described the one-to-one correspondence 
between fuel quantities and exhaust gas temperature, 
steam parameters. Some results may not meet to the 
steam requirements, but they are still reasonable. In the 
process of actual operation, the fuel quantities are 
changed to realize the control of steam temperature 
according to the actual operation curve. In this study, a 
proper fuel increment is selected to obtain proper steam 
parameters. 

At 575MW load, the flue gas recirculation rate is 
11%. It can be seen in table 2 that, a 1% risen in 
recirculation gas will add 2.29°C and 1.96°C to reheat 
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steam temperature. It means that, at the 
same recirculation rate conditions, the higher 
recirculation gas temperature results in the increase of 
velocity and gas heat transfer coefficient, and the 
rehester’s convection heat absorption increases as well.  

At 450 MW load as table 2 shows, a 1% risen in 
recirculation gas will add 1.60°C and 1.45°C to reheat 
steam temperature. Compared to 575MW, the 
contribution of each 1% recirculation gas to the 
temperature rise of reheat steam temperature drops, this 
is because the coal types is different at each load. 

At the same loads, if the coal consumption 
increases then steam temperature rises, but this is 
usually bad to boiler efficiency. The increment of 
recirculation gas temperature leads to the improvement 
of whole flue gas temperature and velocity, under the 
same recirculation rate, the quantity of heat absorption 
of convection heating surface increases. Thus the steam 
temperature increases more. 

 
Tab.2 The recirculation temperature 

Load* Recirculation rate 
Reheated 

steam 
temperature/°C 

Recirculation 
gas 

temperature/°C 

575MW 
0（CASE 1） 536.5 -- 

11%（CASE 2） 561.7 545.7 
11%（CASE 3） 558.1 366.1 

450MW 
0（CASE 1） 539.1 -- 

15%（CASE 2） 563.1 520.4 
15%（CASE 3） 560.9 351.2 

300MW 
0（CASE 1） 527.2 -- 

20%（CASE 2） 565.7 496.1 
20%（CASE 3） 561.3 322.6 

* The based data is from the test operating conditions in which the 
coal type is different at each load. 

At 300 MW load, it can be learned from table 2 
that, a 1% risen in recirculation gas will add 1.93°C and 
1.71°C to reheat steam temperature. At low load 
conditions, the temperature increment rises, due to the 
improvement of flue gas volume, and the temperature 
rise caused by unit flow recirculation gas also increases. 
It is noticeable that, all of the three load 
conditions, the temperature variations are correspond to 
the experiment [6]. 

4.2 The influence on theoretical combustion 
temperature 
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Fig.2 The theoretical combustion temperature of different working 

conditions 

The theoretical combustion temperature of 
different working conditions is shown in figure 2. 

At 575MW load, the theoretical combustion 
temperature declines by 147~166°C; while it declines 
by 183~214°C and 219~241°C at 450MW and 300MW 
load, respectively. As the boiler load decreases, the 
temperature drop increases, which is relevant to the 
volume of flue gas: the higher the temperature, the 
higher the theoretical combustion temperature is; the 
greater the flue gas flow, the lower the theoretical 
combustion temperature is. Thus, at the same load and 
recirculation rate conditions, the theoretical combustion 
temperature of CASE2 is higher than that of CASE3, 
especially at low load condition. It can be 30°C, which 
will help to improve combustion stability under low 
load condition. But it should be noted that, theoretical 
combustion temperature has influence on the 
combustion stability and the burnout of coal. So 
recirculation rate should be appropriately controlled. 

 
4.3 The change of boiler efficiency 

As mentioned above, there is quantitative relation 
between the fuel increment, the ultimate steam 
temperature and the temperature of the exhaust flue gas. 
We just selected a proper fuel increment with a proper 
steam parameters desired, resulting in a final 
temperature of the exhaust flue gas. 

The furnace temperature becomes lower when the 
gas recirculation applied, but for the magnitude of heat 
transfer via radiation heating surface reduced, the 
furnace outlet flue gas temperature drops less compared 
with no flue gas recirculation. Besides, the coal 
consumption increases with the application of flue gas 
recirculation. All of these factors lead to the increment 
of exhaust gas temperature. In low-load conditions, due 
to the increase in the amount of flue gas circulation, the 
difference of exhaust gas temperature is bigger. The 
temperature of exhaust gas under different loads and 
different ways of flue gas circulation is shown in Fig.3.
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Fig.3 The exhaust gas temperature of different loads 

 
According to the results of the simulation, taking 

the points after the low-temperature reheater and 
economizer as the extraction location, the exhaust gas 
temperature is increased by 11.5°C and 10.3°C, 
respectively, under the load 575MW; it is 13.2°C and 
11.2°C, respectively, under the load 450MW; 17.9°C 
and 15.4°C, respectively, under the load 300MW. 

Exhaust losses and the increase of the incomplete 
combustion losses lead to the decline of boiler 
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efficiency. Boiler efficiency under different loads is 
shown in Fig.4.                  
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4.4 The influence on thermal efficiency 

 The flue gas recirculation system adopts 
ejectors, which increases the blower’s power 
consumption and plant internal service power 
consumption rate, as is shown in Table 3. At the same 
time, the decrease of boiler efficiency increases the 

amount of coal. But as the increase of reheat steam 
temperature, the enthalpy drop in IP and LP increases, 
as well as the absolute efficiency of steam turbine, the 
net coal consumption rate is reduced. The 
calculation results of boiler parameters 
and thermodynamic performance are shown in Table 3. 

As table 3 shows, when flue gas recirculation is 
applied, the out work of steam turbine increases and the 
net coal consumption rate reduces. At 575MW load, the 
net coal consumption rate of CASE2 and CASE3 
reduced by 2.06 and 1.19g/(kw·h), respectively; at 
450MW load, reduced by 2.57 and 1.90g/(kw·h); at 
300MW load, it reduced by 3.82 and 2.70g/(kw·h). It is 
seen that the net coal consumption rate drops obviously 
when flue gas recirculation applied, especially at low 
load condition. Besides, the net coal consumption drop 
of CASE2 is greater than CASE3, up to nearly 
1.12g/(kw·h). Suppose a boiler running 5000 
hours a year, under the condition of 575MW CASE2 
can save 1more coals than CASE3, about 2501 tons of 
standard coal. It is a considerable economic benefit.

Tab.3 Blower’s power consumption under different loads 

Load Recirculation rate Coal 
consumption 

Exhaust gas 
temperature 

Boiler 
efficiency 

Plant internal 
power 

consumption 
rate 

Turbine 
power 

net coal 
consumption rate 

MW % t/h °C % % MW g/KWH 

575 
0（CASE 1） 262.0 143.9 0.8730 5.27 575.0 334.74 

11%（CASE 2） 273.8 155.4 0.8565 5.32 604.9 332.68 
11%（CASE 3） 272.2 154.2 0.8579 5.32 599.7 333.55 

450 
0（CASE 1） 198.0 136.3 0.8734 5.93 450.0 333.56 

15%（CASE 2） 207.5 149.5 0.8535 6.00 476.7 330.99 
15%（CASE 3） 206.2 147.5 0.8553 6.01 472.9 331.66 

300 
0（CASE 1） 137.0 120.4 0.8671 8.72 300.0 361.24 

20%（CASE 2） 146.1 138.3 0.8425 8.86 146.1 357.42 
20%（CASE 3） 144.5 135.8 0.8463 8.87 144.5 358.54 

5. Conclusion 
A 600MW coal-fired boiler with two kinds of 

flue gas recirculation is studied with main results 
that: 

(1) The temperature of flue gas 
recirculation has a significant effect on 
thermoregulation. At different load conditions, in 
CASE2, the temperature rising rate of reheat steam 
can be 1.60~2.29 °C /(1% recirculation gas), which 
is higher than that of 1.45~1.96 °C 
/(1% recirculation gas) in CASE3. 

(2) The use of flue gas recirculation reduces the 
net coal consumption rate. At different load 
conditions, the drop of net coal consumption can 
be 2.06~3.82g/ (kW • h) in CASE2, which is lower 
than that of 1.19~2.70g/ (kW •h) in CASE3. 

(3) Under different conditions, the 
thermoregulation results of CASE2 are better than 
that of CASE3, so this paper recommends CASE2. 
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Abstract 
An investigation into the relationship between the conditional dissipation timescale and integral timescale is conducted using 

Direct Numerical Simulations (DNS). Specifically, the effect of the initial mixture fraction distribution is explored for passive scalar 
cases. Results where the initial distribution can be modelled by a β-function distribution are compared to previous results which can 
be modelled using a Gaussian distribution. It is found that the behaviour of the conditional dissipation timescale is similar for the two 
cases and the same steady-state condition is obtained. This suggests that the behaviour of the conditional dissipation timescale is 
independent of the initial distribution. 

 
Keywords: Direct Numerical Simulations, scalar timescales 
 

1. Introduction 
 

This paper is part of an investigation into the effect 
the timescales models have when simulating 
extinction/reignition problems. This is a particularly 
challenging problem because within a small range of 
mixture fraction the reactive scalars can have a wide 
range of values [1]. More detailed modelling is required 
to correctly account for the high sensitivity of the flame 
to the local conditions, and one approach is to account 
for the multiple timescales that are present in the flame 
[2]. 

Klimenko [3] derived formulations for timescales 
describing the behaviour of scalars with respect to their 
conditional mean. This has been used as a closure model 
for Multiple Mapping Conditioning (MMC) [4], where 
the conditional dissipation timescale was modelled as a 
fixed fraction of the macro (unconditional) dissipation 
timescale with good results [5]. However, following on 
from an observation that the behaviour could be 
improved, the nature of the conditional dissipation 
timescale has been more recently explored using Direct 
Numerical Simulations (DNS) [1]. It was found that the 
conditional dissipation timescale should be modelled as 
being proportional to the turbulent integral timescale, 
while the macro dissipation timescale was allowed to 
deviate from the integral timescale, which is a behaviour 
that can commonly occur [6]. 

The nature of this proportionality between the 
conditional timescale and the integral timescale is yet to 
be resolved: for passive MMC simulations, the 
proportionality constant was found to be larger than that 
for reactive MMC simulations [1]. Furthermore, the 
proportionality constant for the passive MMC 
simulations was different to that indicated by the DNS. 
The first point leads to the hypothesis that this 

proportionality constant is a function of Damköhler 
number, which will be investigated in future work. 

In this paper, a passive DNS has been performed as 
a preliminary step to verify the value of the 
proportionality constant obtained previously. The 
method for this is to consider a primary scalar field 
which initially satisfies a β-function distribution with 
large variance, whereas previously the field satisfied a 
Gaussian distribution. If the proportionality constant is 
found to be the same, then the generality of the timescale 
closure model has a stronger basis because it is 
independent of the scalar field.  

2. Background 

2.1 Conditional variances 
The first and second-order CMC equations in 

homogeneous flow are (in conservative form) [7]: 
 

𝜕�̅�𝑃�𝑍𝑄
𝜕𝑡

+ 
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𝜕𝑍
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= �̅�𝑃�𝑍⟨𝑊|𝑍⟩ (1) 
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= 2�̅�𝑃�𝑍[Ψ𝑁 − Ψ𝐷 + Ψ𝑊] (2) 
     

Here  𝑌  is a scalar, 𝑌′ = 𝑌 − 〈𝑌〉  is the unconditional 
mean, 𝑄 = ⟨𝑌|𝑍⟩ is the conditional mean, 𝑌′′ = 𝑌 − 𝑄 is 
the conditional fluctuation, Z is the conditioning 
variable, Θ = ⟨𝜃|𝑍⟩  is conditional variance (where 
𝜃 = 𝑌′′𝑌′′), �̅� is the mean density, the scalar dissipation 
rate is 𝑁 ≡ 𝐷(∇𝑍)2 where D is the diffusivity and W is 
the chemical source term. The transport of the mixture 
fraction Favre probability density function (pdf) 𝑃�𝑍  is 
governed by 
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𝜕�̅�𝑃�𝑍
𝜕𝑡

= −
𝜕2⟨𝑁|𝑍⟩�̅�𝑃�𝑍

𝜕𝑍2
 (3) 

 
The conditional generation, dissipation and source 

terms are 

Ψ𝑁 = ⟨𝑁′′𝑌′′|𝑍⟩
𝜕2𝑄
𝜕𝑍2

 
 

(4) 

Ψ𝐷 = ⟨𝐷(∇𝑌′′)2|𝑍⟩ 
 (5) 

Ψ𝑊 = ⟨𝑊′′𝑌′′|𝑍⟩ 
 (6) 

Note that for a passive case (as considered in this work), 
𝑊 = 0, hence Ψ𝑊 = 0. Defining the mean conditional 
variance 〈Θ〉 as 
 

〈Θ〉 = � ⟨𝑌′′𝑌′′|𝑍⟩𝜌 �𝑃�𝑧(𝑍)𝑑𝑍
𝑍max

𝑍min

 (7) 

 
integration of (2) (for a passive scalar) yields 
 
𝜕〈Θ〉
𝜕𝑡

= 2〈ΨN〉 − 2〈Ψ𝐷〉 (8) 

 
It is important to note the Ψ𝑁  generation term is 

only part of the conditional variance transport equation 
(and not the unconditional variance transport equation) 
and is caused by conditional fluctuations of N. 

2.2 Dissipation timescales 
The timescale associated with the dissipation of a 

scalar towards the unconditional mean is 𝜏�̅�: it controls 
the decay of the unconditional variance: 

 
𝑑〈𝑍′2〉
𝑑𝑡

= −2〈𝑁〉 = −2
〈𝑍′2〉
𝜏�̅�

 (9) 

 
The dissipation timescale is conventionally modelled by 
 

𝜏�̅� = 𝐶𝑍
𝑘
𝜖

= 𝐶𝑍𝜏𝐿 (10) 

 
where 𝐶𝑍 has been suggested as 1.0 by Spalding [8] but 
can vary, particularly between passive and reactive cases 
[6, 9]. 

The conditional dissipation timescale is introduced 
in the same manner as the unconditional dissipation 
timescale: 

 
〈Ψ𝐷〉 = − 〈Θ〉

𝜏𝐷
  (11) 

                                    
The macro dissipation timescale 𝜏�̅�  is the characteristic 
timescale for the scalar to return to the global mean 
while the conditional timescale 𝜏𝐷  is the characteristic 
timescale for the scalar to return to the conditional mean. 
These two timescales are usually of the same order but 
should not necessarily be equal because they describe 
different processes. The timescale based on the global 
mean, 𝜏�̅�, represents the large scales while the timescale 

based on the conditional mean, 𝜏𝐷, represents the small 
scales. In many cases, both timescales need to be 
accounted for in order to successfully model cases where 
the chemistry-turbulence interactions are not 
straightforward, an approach suggested in [2]. Although 
both timescales describe the same scalar (and therefore 
have the same limits), the rates that they approach these 
limits is different and need to be accounted for.  

A closure model for 𝜏𝐷 has recently been proposed 
[1]: 

 
𝜏𝐷 = 𝐶𝐿𝜏𝐿 (12) 

    
Although the unconditional dissipation timescale is 
usually modelled as proportional to the integral 
timescale (10), it has been found that this may not be 
appropriate [6, 9]. As a consequence, the conditional and 
unconditional timescales are expected to behave 
independently of each other for at least some period of 
time. 

3. Results 
 
An additional DNS was performed on a decaying 

homogenous turbulent field to compare with the results 
from [1]. The major difference between the two cases is 
the previous initial scalar field could be modelled by a 
Gaussian distribution, while the current results can be 
modelled by a β-function distribution. In addition, the 
previous DNS was performed on a 1283 grid, while the 
current results are from a 963 grid. Figure 1 shows the 
difference in turbulent timescales between the Gaussian 
and β-function mixture fraction distributions. Because of 
the lower resolution, the integral timescale for the β-
function is longer; comparing the results after a couple 
of eddy turnover times, the ratio of integral-to-
Kolmogorov timescales is relatively constant. 

 

 
Figure 1: Turbulent timescales from the two DNS cases. Gaussian [1], 
integral timescale: —; Kolmogorov timescale, – –. -function, integral 

timescale, –·; Kolmogorov timescale, ···. 
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Figure 2: Decay of mixture fraction variance. Gaussian [1]: —; 
-function: – –. 

Figure 2 shows that the decay of the β-function is 
more rapid initially, which is a consequence of the 
behaviour of the integral timescale. However, after 
approximately two eddy turnover times, the rates are 
similar. 

Figure 3 shows a slice of the mixture fraction Z field 
during the preliminary stages of the simulation (𝑡 𝜏𝐿⁄ = 
1.18), where it can be seen that the substantial initial 
deviations from the mean have still largely persisted by 
this stage. Figures 3 and 4 show a strong correlation 
between Z and Y but looking at the scatter plot in Fig. 5 
there are significant conditional fluctuations. The initial 
distribution with large fraction of Z at ±1 has persisted 
with large volumes still at the limits (which have 
decayed to ±0.5 by this stage). This is not apparent in 
Fig. 5 because these large volumes at the limits of Z have 
prevented significant mixing of the Y field. So in those 
regions of space, Y remains close to its maximum and is 
thereby correlated to Z, so there is little scatter. In the 
vicinity of Z = 0 (the mean), there are substantial 
structures in the Y field, which generate the scatter seen 
in Fig. 5 and make this case equivalent to the 
extinction/reignition behaviour observed in reacting 
flows. 

The unconditional and conditional dissipation 
timescales are compared in Fig. 6 for the two cases. In 
both cases, the conditional timescale remained shorter 
than the unconditional timescale. For the current results, 
the unconditional dissipation timescale increased to 
reach its steady-state value, whereas previously it had 
decayed to reach steady-state; the final steady-state 
values are somewhat different from each other, but were 
both reached after approximately 3 eddy turnover times. 
For the conditional timescale, the Gaussian case reached 
its steady-state after approximately 2 eddy turnover 
times and its deviations from the steady-state were much 
lower than for the β-function case. However, it can be 
seen that the steady-state value of CL = 1.4 determined 
by [1] is maintained for both cases. This indicates that 
the initial distribution of the mixture fraction has a 
relatively minor impact on the timescales. 

 

 
Figure 3: Slice of mixture fraction Z for -function case at 𝒕 𝝉𝑳⁄ = 1.18 

and z = . The broken line shows the me 

 

Figure 4: Slice of Y for -function case at 𝒕 𝝉𝑳⁄ = 1.18 and z = . The 
broken line shows the mean. 

 

Figure 5: Scatterplot of primary and secondary scalars from 
10,000 randomly sampled nodes. 

4. Conclusions 
 

A Direct Numerical Simulation study has been 
conducted to examine the effects of the initial 
distribution of the scalar field on the behaviour of the 
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conditional timescales. By comparing two passive cases, 
it was found that the same value of CL = 1.4 was 
obtained, indicating that the model (12) is independent 
of the scalar distribution for the same chemical 
conditions. 

Because the value of CL was found to vary between 
a passive and a reactive case [1], this work is the 
preliminary stage for a detailed investigation of how CL 
varies. It is thought to be a function of Damköhler 
number and this will be investigated in the future with  
higher-resolution DNS simulating larger Reynolds 
numbers to ascertain if CL is also sensitive to Reynolds 
number. 

 

 
Figure 6: Unconditional and conditional dissipation timescales 
normalised by instantaneous integral timescale. Gaussian [1], 

conditional timescale: —; unconditional timescale, – –. β-function, 
conditional timescale, –·; unconditional timescale, ···. 
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Abstract 
Diesel engine generators are used on conventional submarines to recharge the main storage battery. To minimise the possibility for 
detection, these engines are operated whilst the submarine is submerged but near the surface. This results in a challenging operating 
environment which can include large, time-varying engine exhaust backpressures due to the varying sea conditions. Existing 
generator control systems have been shown to be less capable of removing all the adverse effects of these disturbances on the engine. 

A diesel engine test-bed has therefore been established to investigate the effects of exhaust backpressure disturbances on a diesel 
engine. This engine is fitted with a suite of modern actuators that have not previously been used to compensate against backpressure 
disturbances. A control oriented model of the engine is then calibrated and validated, as part of an ongoing programme that is 
investigating the potential of model based control approaches on submarine engines. 
 
Keywords: Submarine, Control Oriented Modelling, Engine Modelling 
 

 

1. Introduction 
A conventional submarine is a form of series-hybrid 
electric vehicle. Electric traction motors propel the 
submarine through the water, sourcing their power 
from extensive battery stores. When depleted, the 
batteries are charged using diesel generators. To reduce 
detectability, the diesel generators are typically 
operated whilst the submarine is 4-5 meters below the 
surface of the water, using a snorkel to bring in fresh 
air [1-3]. Exhaust gases are released below the surface 
of the water, again to reduce detectability, resulting in a 
static pressure head. The actual depth of the exhaust 
varies with the height of waves as they pass over the 
submarine. Waves are categorised by ‘sea states’, a 
subset of these are detailed in Table 1, where sea states 
of 6 or less make up 99% of all sea conditions. 

Large and time-varying backpressure disturbances 
have a detrimental effect to a turbocharged diesel 
engine’s performance [4-6]. Increased backpressure 
causes a reduced pressure ratio across the turbocharger, 
resulting in reduced turbocharger speed. Intake 
manifold pressure is reduced, which leads to a 
reduction in airflow through the engine and increased 
exhaust gas temperature. The bigger pressure 
difference across the cylinder results in increased 
pumping losses, which the speed governor compensates 
for by increasing the fuel rate, adding to the increased 
exhaust gas temperature.  

The high and time-varying exhaust gas 
temperatures experienced on a submarine diesel engine 

have been linked to reliability issues, while lower air to 
fuel ratios in diesel engines can result in a considerable 
increase in exhaust particulate matter [3,4]. 

Recently, a study has highlighted how current 
engine control systems, based on a fuel governor, are 
limited in their ability to counteract the effects of 
backpressure disturbances [7]. In this study, it was 
shown that careful tuning of the governor demonstrated 
its ability to effectively cancel out speed fluctuations, 
though it was concluded that a different control scheme 
would be required to eliminate exhaust gas temperature 
variations as well. Variable Geometry Turbochargers 
(VGT) and active generator load control have been 
suggested as useful actuators for minimising exhaust 
temperature variations [4,7,8]. Studies have been 
conducted in order to find appropriate control inputs for 
the VGT and generator load, although it is considered 
to be an ongoing research area [8]. It is proposed that 
advanced model based control systems, as have become 
more widespread in the automotive literature, be 
employed on submarine engines. These control systems 
can handle multiple system inputs and optimise 
operating objectives whilst obeying system constraints. 

To assess different actuator combinations, develop 
new control systems and to get a better understanding 
of the problem, a test-bed and engine model have been 
developed. This paper documents the progress of the 

project. 

2. Test-bed 
A highly actuated automotive diesel engine has been 
selected to represent a submarine diesel engine for this 
study (Figure 1). The engine was selected for its range 
of actuators not currently found on submarines, 
including a variable geometry turbocharger. The engine 
is coupled to a Horiba-Schenck transient dynamometer, 
capable of tracking speed or load commands. 

To replicate the operating conditions of a 
submerged submarine, non-atmospheric backpressure 

Table 1- Sea States 

Sea State Height (m) Average 
Period (s) 

Pressure 
Change (kPa) 

3 mean 0.875 6.9 8.8 
4 mean 1.875 7.9 18.8 
5 mean 3.250 9.0 32.7 
6 mean 5.000 9.9 50.3 
7 mean 7.500 10.8 75.4 
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must be imposed on the engine. A butterfly valve has 
been installed in the exhaust system down-stream of the 
turbocharger. In order to track a desired backpressure, a 
model-based controller was designed for the valve. The 
controller uses an upstream pressure measurement and 
a measurement of the current valve position. Back 
pressures corresponding up to sea state 7 can be tracked 
sufficiently well, with tracking performance 
demonstrated in Figure 2. 

A dSPACE MicroAutoBox (MAB) rapid 
prototyping system has been integrated into the test-
bed, which replaces the native engine control unit. The 
MAB provides a good platform for rapidly 
implementing any control strategies developed. As 
such, all native actuators and additional valves on the 
engine are controlled via the MAB, which is also 
interfaced to the dynamometer control unit to facilitate 
active load control later in the project. A number of 
engine parameters are logged by the MAB from a suite 
of additional sensors added to the engine, including 
pressures and temperatures throughout the gas path, 
turbocharger and engine rotational speed, brake torque 
and mass flow rate of fuel and air into the engine. 

3. Mean Value Engine Model 
In previous studies, crank-angle based models have 
been used to analyse the effect of backpressure on 

submarine diesel engines [2,4]. This class of model is 
capable of representing the effects of backpressure on 
the engine accurately, however, they come with a high 
computational burden which prohibits their use in 
model-based control. An alternative modelling 
approach commonly used in automotive control 
development is called ‘Mean Value Engine Modelling’ 
(MVEM). These models typically represent an engine’s 
dynamic behaviour at time scales greater than one 
engine cycle, appropriate for representing dynamics 
caused by submarine back pressure disturbances. 

Seen in Figure 3, the model has a modular structure, 
where each significant component in the engine can be 
modelled and identified independently. A common 
approach to constructing an MVEM is to classify each 
physical component as either a reservoir or flow 
restriction. Reservoirs, which represent system states, 
hold various forms of information, such as thermal or 
kinetic energy or mass. The equations used for the 
reservoirs are often based on conservation of energy 
and conservation of mass equations, simplified with a 
number of assumptions. Each reservoir is separated 
from the next by a flow restriction. These flow 
restrictions dictate the flow of energy or mass to and 
from the reservoirs. These components are assumed to 
exhibit very fast dynamics relative to the reservoirs and 
are therefore represented by algebraic maps.  

An automotive engine model was modified to fit the 
purposes of modelling a submarine diesel engine [9]. In 
particular, external gas recirculation components have 
been removed, engine speed dynamics added and 
exhaust backpressure has been made an input to the 
model. The model is calibrated under non-atmospheric 
exhaust conditions.  

 
The resulting model contains 5 states, which are 
described in (1) as functions of flow restriction outputs. 
The control inputs to the model are fuel flow rate, VGT 
vane position and engine load. The uncontrolled or 
‘disturbance’ inputs include inlet pressure and 
temperature and exhaust backpressure. Important 
outputs from the model include engine speed, turbine 
speed, manifold pressures and cylinder out temperature. 

Figure 3 - Submarine Mean Value Engine Model Structure 

Figure 2 - Sea State Simulation 
- - Reference Pressure,  –– Measured Pressure 

Figure 1 - Diesel Engine Test Cell 

- 195 - 



 
4. Model Calibration 

Each flow restriction output has an algebraic map 
which is independently calibrated using steady state 
data. The data was collected at 120 different operating 
conditions, consisting of sweeps in engine speed, VGT 
position, injection duration and backpressure. The 
engine was run for sufficient time at each operating 
point to ensure that the slowest dynamics, the metal 
temperatures, had reached a steady state. Once at 
steady state, data from all sensors was recorded at 10Hz 
over 30 seconds. The sample rate used was that of the 
slowest sensors, and the duration chosen such that sub-
cycle dynamics did not influence the mean value. 
 The structure of the output power and mass 
flow maps for the compressor and turbine are 
comparable to that of [9]. To find the calibration 
parameters, the difference between the modelled and 
measured outputs are minimised in a nonlinear least 
squares optimisation. A correlation between measured 
and modelled outputs  for compressor mass flow and 
compressor power are presented in Figure 4. These 
correlations are representative of other compressor and 
turbine fits. 

Due to high complexity, physics based modelling 
for cylinder sub-models is impractical for control 
studies. As such, correlations are found with system 
states and inputs using stationary data. The form of the 
algebraic maps used in the cylinder sub-models is a 
linear combination of surrounding reservoir states and 
inputs raised to a number of different powers, as well 
as some cross terms. For example, a map representing 
the cylinders’ volumetric efficiency, used to calculate 
the flow through the cylinders, may be represented by 

where . Using all of the terms in (2) would likely 
result in an over-fitting of the model and unnecessarily 
high model complexity. Therefore, a systematic model 
reduction was used to determine which terms are the 
most appropriate for the model. The model reduction 
was realised by constraining some elements of  to be 
zero, while finding the remaining elements of  using a 
linear least squares minimisation where the difference 
between measured and modelled outputs was 
minimised. All possible permutations of disabled 
coefficients in  were considered. 

In Figure 5, the number of non-zero  terms used in 
a fit is plotted against the fits’ ‘Mean Absolute Relative 
Error’ (MARE), as defined in [9]. Starting with zero 
model inputs and a MARE of 2.1%, adding model 
inputs continuously decreases the minimum MARE 
until a point where the gain in additional model inputs 
is minimal, in this particular case at 5 inputs and a 
MARE of 0.5%. Beyond this number of inputs, the 
improvement in model accuracy is insignificant. As 
such, it is this set of model inputs that is used in the 
MVEM, with the resulting sub-model for volumetric 
efficiency taking the form of (3).  

The same process was applied to the other cylinder 
maps. In each case, there was a clear point where the 

trade-off between number of model inputs and model 
accuracy was found. In some cases, for example brake 
torque, the chosen outputs closely aligned with those 
used in other MVEMs. 

Each of the reservoirs in the model has a tuning 
parameter. This parameter typically represents some 
physical quantity, such as volume or inertia. To 
calibrate these, 144 different transients were captured, 
including ramps in engine speed, steps in VGT 
command, fuel injection duration and backpressure. To 
ensure that all dynamics were captured, the VGT 
position and turbocharger speed are recorded at 100Hz, 
while intake and exhaust pressures are recorded at 
1kHz. 

The intake manifold volume, exhaust manifold 
volume and turbocharger rotational inertia are all tuned 
together since these parameters are closely coupled in 
the model and individual mass flow measurements for 
each of the components is unavailable. These values 
are tuned using a least squares optimisation, where the 
error being minimised is the difference between 
normalised modelled and measured states over time for 
each of the recorded transients. The normalisation 
rescales both the measured and modelled outputs 
between zero and one (see Figure 6). This minimises 
the impact of steady state errors in tuning of transient 
behaviour. 

From Figure 6 it can be seen that while the 
turbocharger speed and intake manifold pressure 
dynamics match well between measured and modelled 
values, the modelled exhaust manifold pressure 

Figure 4 - Representative Calibration Correlation 

Figure 6 - Representative Normalised Calibrations 

Figure 5 – Representative Model Reduction Output 
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dynamics appear to be too fast. Slower than expected 
measurement dynamics are one reason suggested for 
this anomaly. The resulting exhaust manifold volume is 
physically reasonable however, and using this value 
gives good agreement with the remainder of the model. 
 A more direct approach is taken to find the 
engine’s rotational inertia. A total of 24 speed ramps 
are commanded from the dynamometer controller, 
while the engine is operated with constant injection 
duration and actuator positions. Equation (1a) can be 
used to describe engine speed dynamics. This equation 
was solved for 𝐽𝑒  using the measured torque change 
required to get the requested rate of change in engine 
speed. An average value of  𝐽𝑒  is taken from the 24 
runs, which were conducted with an equal number of 
ramps in each direction to help minimise the effect of 
turbocharger inertia. 

5. Model Validation 
An open loop simulation is used to determine whether 
the model is capable of reproducing important system 
dynamics with varying backpressure. The engine was 
operated with an imposed backpressure corresponding 
to a sea state ‘5 mean’. A constant injection duration 
and VGT position was set for the engine and a constant 
torque applied by the dynamometer. The model’s initial 
condition was set to that measured from the engine, and 
the model is provided the same inputs as the engine for 
a period of 45 seconds. The output from the simulation 
is shown alongside the measurements from the engine 
in Figure 7. 

While there is a small drift in simulated engine 
speed caused by steady state error in the torque 
production, the magnitude and phase of the modelled 
speed variations are comparable to that measured on 
the engine. Steady state errors of this type should not 
significantly degrade controller performance, since they 
can be compensated for in controller design with 
integral action. 

Intake manifold pressure and turbocharger speed 
represented the dynamics well although there is a small 
phase error between the modelled and measured 
exhaust manifold pressure, possibly caused by 
measurement dynamics discussed earlier. The most 
significant difference between measured and modelled 

outputs is the turbocharger inlet temperature. The phase 
difference observed may largely be caused by 
measurement dynamics from the thermocouple used. 
Despite this, the magnitude of variation is comparable 
and only a small steady state error is present. 

6. Summary 
A study into improved control strategies for submarine 
diesel engines is being conducted. For this purpose, a 
test-bed including a diesel engine capable of simulating 
important submarine operating conditions has been 
established. The test-bed will facilitate the investigation 
of solutions such as including additional actuators and 
advanced control strategies. 

To gain a better insight into the problem and 
facilitate model based control design, an engine model 
has been developed and calibrated. The model has been 
validated against the diesel engine test-bed, 
demonstrating that it is capable of representing 
important dynamics reasonably well. 

Future work will make use of the developed model 
in designing a controller based on a submarine diesel 
engine’s operating objectives and constraints. 
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Abstract 
A direct numerical simulation parametric study of laminar, two-dimensional dimethyl ether jet flames in heated co-flow was 

conducted at a pressure of 40 atmospheres by varying the co-flow temperature. Four cases were considered at co-flow temperatures of 
900, 1100, 1300, and 1500 K. The temperatures were selected to produce a transition from within the negative temperature coefficient 
(NTC) regime to beyond it.  New flame structures are observed in all cases. The flames have a modified edge-flame structure at 900 
and 1100 K. In addition to a tribrachial edge-flame, there is a fourth heat release branch upstream of the stabilisation point associated 
with the low temperature kinetics, as such these cases exhibit a tetrabrachial structure. At 1300 K, the flame autoignites and has a 
tribrachial structure immediately downstream of the stabilisation point in addition to two heat release branches upstream, one at very 
lean mixture fractions leading to autoignition and the other at rich mixture fractions associated with the low temperature kinetics, 
giving the flame a pentabrachial structure. At 1500 K, the low temperature kinetics and heat release branch are not observed and the 
flame reverts to a tetrabrachial structure that is qualitatively different to the 900 and 1100 K cases. 

 
Keywords: DNS, dimethyl ether, tribrachial flame, triple flame, autoignition, negative temperature coefficient 
 

1. Introduction 
Lifted jet flames are an archetypal flame that are 

observed in practical combustors, for example, in diesel 
engines. Additionally, lifted jet flames exhibit complex 
turbulence-chemistry interactions and present a 
substantial challenge for model prediction in 
computational fluid dynamics. For this reason, 
substantial effort has been applied using experimental, 
numerical, and theoretical tools to gain insight [1, 2]. 

 In this study, a direct numerical simulation (DNS) 
approach was applied to a diesel-like fuel at realistic 
engine temperature and pressure. In order to perform the 
DNS, important diesel phenomena were neglected due to 
computational constraints. Turbulence, multiphase flow, 
sooting processes and radiative heat transfer, multi-jet 
injection, and transient effects were all neglected. In 
doing so, the study focused on the interactions between 
the fuel chemistry and the shearing, nonpremixed 
laminar jet. 

Previous DNS studies in a mixing layer 
configuration [3, 4] showed propagating tribrachial edge-
flame solutions. However, no DNS studies of similar 
flames have been performed at diesel-like thermo-
chemical environment in a jet configuration using a fuel 
capable of reproducing the multi-stage ignition and the 
low temperature chemical kinetics of diesel fuel. In the 
context of diesel-like conditions the edge-flame may 
affect the lift-off height, which is an important parameter 
that controls fuel-air mixing and hence pollutant 
formation, so a DNS study at diesel-like conditions 
provides underlying physical insight.  

 
Dimethyl ether (DME), was selected as one of the 

simplest oxygenated ethers with diesel fuel 
characteristics of multi-stage ignition and high cetane 
number. The 30 species DME chemical mechanism used 
in this study was provided by Lu et al. (personal 
communication) [5]. The chemical mechanism was 
obtained by a reduction of the detailed mechanism 
developed by Zhao et al. [6] using reduction methods 
outlined by Lu and Law [7].  

Like diesel fuel, DME exhibits two-stage ignition. 
Due to a transition between low-temperature and high-
temperature chemical pathways, it exhibits a non-
monotonic relationship between ambient temperature 
and ignition delay time. This produces a negative 
temperature coefficient (NTC) regime, where increasing 
the ambient temperature results in prolonged ignition 
delay times [6, 8]. At a pressure of 40 atm, DME 
exhibits NTC behaviour for ambient temperatures in the 
range of approximately 800 to 1100 K [9]. 

This study investigates moderate to highly heated 
co-flow temperatures of 900, 1100, 1300, and 1500 K. 
Zero-dimensional homogeneous ignition delay 
simulations over this temperature range show a transition 
from long to short ignition delay times, corresponding to 
a transition from NTC to non-NTC regimes. 

The DNS is performed using a fully parrallelised 
code, S3D [10], which solves the compressible Navier-
Stokes and species-conservation equations using a high 
order, low-dissipation spatial finite difference method 
combined with an explicit Runge-Kutta time 
advancement. 
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2. Configuration 
The computational configuration is a two-

dimensional planar lifted laminar DME jet flame in a 
heated air co-flow at an elevated pressure of 40 atm. The 
Cartesian mesh domain consisted of a two-dimensional 
grid. In the stream-wise direction, x, a diluted planar fuel 
jet consisting of 70% DME and 30% N2 (by volume) 
issues into an oxidising environment comprised of 79% 
N2 and 21% O2. The x inlet is a hard inflow boundary 
condition and a non-reflecting outflow condition is 
imposed at the x outlet. The jet is located at the right 
boundary in the y direction where a plane of symmetry is 
imposed. The left y boundary corresponds to a non-
reflecting outflow. The boundary conditions are imposed 
using the Navier-Stokes characteristic boundary 
condition (NSCBC) method [11] with transverse terms 
evaluated on the stream-wise outflow boundary as in 
Yoo et al. [12]. 

The domain size is 10 jet heights in the x direction 
and 5 jet heights in the y direction for all simulations, 
where the jet height is H = 0.3 (mm). The velocity of the 
jet and the co-flow are varied to produce a stabilised 
flame within the computational domain and to maintain a 
fixed velocity deficit, UJET-UCOFLOW = 17.5 (m/s), 
maintaining a constant shear rate between the cases. 

The computational domain consisted of a stretched 
Cartesian grid. For the 900 K case, a grid spacing of 1.25 
microns was required in the vicinity of the stabilisation 
point to resolve the thin flame structures. For all other 
cases, a grid spacing of 2.5 microns was sufficient. The 
integrating time step was determined by the acoustic 
CFL limit and imposed a time step of 0.5 nano seconds 
for the 900 K case and 1.0 nano seconds for the other 
cases.  Table 1 presents the key physical parameters for 
each case. 

 
Table 1: Key parameters for each case. 

Parameter Unit 900K  1100K 1300K 1500K 
UJET m/s 20.0 21.0 26.5 55.5 
UCOFLOW m/s 2.5 3.5 9.5 48.0 
TJET K 400 400 400 400 
TCOFLOW K 900 1100 1300 1500 
Pressure Atm. 40 40 40 40 
Δx (min) μm 1.25 2.5 2.5 2.5 

3. Results 
Figure 1 shows the heat release rate fields for 

the 4 cases, with the stoichiometric mixture fraction 
(Z=0.123) line superimposed. All cases have a stabilised 
flame. 

The 900 K case shows a new kind of edge-
flame structure at the stabilisation point which to the best 
of our knowledge has not been previously observed. The 
flame consists of four branches and will be termed a 
tetrabrachial flame. The main flame resembles a 
conventional tribrachial edge flame with central 
crescent-shaped rich and lean premixed flames and a 
trailing diffusion flame. This edge flame is centered 
about the stoichiometric mixture fraction which 
corresponds to a stream-wise velocity comparable to the 
co-flow. The propagation speed of the flame is matched 
by the local fluid velocity which is diminished compared 
to the free-stream velocity due to flow redirection about 
the flame-base (not shown here). However, upstream of 
the tribrachial flame, an additional branch of heat release 
is observed. The upstream heat release originates from 
very lean mixture fractions (not shown here), and moves 
to rich mixture fractions just upstream of the tribrachial 
flame, see the left-most plot in Fig. 1. This heat release 
branch is associated with the first stage of ignition and 
low temperature kinetics. The low temperature heat 
release moves to richer mixture fractions further 
downstream, eventually merging with the rich branch of 
the tribrachial flame just beyond the stabilisation point. 
 The 1100 K case resembles the 900 K case. The 
major difference is the diminishment of the low 
temperature heat release. It does not occur until further 
downstream compared to the 900 K case and is reduced 
in magnitude. The tribrachial flame is still observed as 
the stabilisation mechanism. 
 At 1300 K, a transition from edge flame 
propagation to auto-ignition is observed. Originating 
from extremely lean mixture fractions, the heat release 
leading to autoignition occurs over multiple jet heights. 
A main tribrachial flame structure is still apparent 
immediately downstream of the autoignition location. 
However, upstream of the tribrachial flame there are now 
two distinct additional branches: a strong heat release 

Figure 1: Domain coloured by heat release rate. Stoichiometric mixture fraction marked by dashed white line. 
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region on the lean side and a weaker heat release region 
on the rich side, making the flame at this condition 
pentabrachial. The branch on the lean side is a result of 
high temperature, single-stage ignition. The branch on 
the rich side is the result of the low temperature heat 
release, as observed in the 900 and 1100 K cases, but 
further diminished in magnitude and shifted to richer 
mixture fractions.  
 At 1500 K, the auto-ignition becomes stronger 
and confined to a smaller region of space. The low 
temperature chemistry upstream of the stabilisation point 
is no longer observed. 

The heat release behaviour upstream of the 
stabilisation point can be understood by considering a 
zero-dimensional solution to the chemical mechanism. 
The solver SENKIN (which is part of the CHEMKIN-III 
suit [13]) was used to produce a set of constant pressure 
simulations of the DME fuel over a range of initial 
oxidiser temperatures and mixture fractions at a fixed 
pressure and fuel composition. The results are presented 
in Fig. 2.  

 

 
As can be seen in Fig. 2, there are two distinct 

regimes of local minima of the ignition delay time. From 
900 to 1100 K, the most reactive mixture fraction (the 
mixture fraction having the shortest ignition delay) shifts 
from lean to rich with increasing temperature. This 
corresponds to the movement of the low temperature 
heat release branch towards the jet centre at 1100 K, 
compared to the 900 K case. At approximately 1250 K 
the minimum ignition delay time shifts as a jump-
discontinuity to extremely lean mixture fractions. This 
transition was correlated with the flame-to-autoignition 
transition observed in the 1300 K case. At this 
temperature, the flame is stabilised by autoignition 
which is initiated from very lean mixture fractions far 
upstream of the stabilization point (not shown here).  At 

1300 K, the low temperature heat release is still 
observed, but closer to the jet center at very rich mixture 
fraction values.  

Figure 3 shows the vicinity of the stabilisation 
point for all simulations. Heat release rate and minor 
species mass fractions are presented to compare the 
flame characteristics between the four cases. 
 The OH mass fraction, YOH, is selected as a 
marker of high temperature heat release and reveals the 
strongest signature about the stoichiometric line which 
coincides with the trailing nonpremixed flame behind the 
stabilisation point. The ethylene mass fraction, YC2H4, 
clearly shows the difference between the edge-flame and 
autoignition cases. In the 900 and 1100 K cases, ethylene 
marks the lean and rich premixed branches of the edge-
flame. In the 1300 and 1500 K cases, ethylene also 
reveals the region of heat release associated with 
autoignition. The mass fraction of methoxymethyl-
peroxy radical, YCH3OCH2O2, was selected as the marker 
for the low temperature chemistry. The species was 
selected as it is involved in a chain branching reaction 
critical to the low temperature heat release pathway, and 
is also involved in a reaction that inhibits the “hot” 
ignition of the flame [6].  The results show that the low 
temperature chemistry is reduced when the co-flow 
temperature is increased and by the 1500 K case there is 
no low temperature chemistry apparent. 

4. Conclusions 
 With a view to understanding the possible 

importance of edge flames in lifted flame stabilisation in 
diesel engines, a set of laminar edge flame DNS has been 
carried out in engine-relevant thermo-chemical 
conditions. At the considered conditions, the mixture 
ahead of the edge flame can autoignite, which introduces 
different behaviours compared with edge flames at 
atmospheric conditions. 

A parametric study varying the ambient temperature 
was conducted to observe a range of different possible 
behaviours. Four cases were considered at 900, 1100, 
1300, and 1500 K at a fixed pressure of 40 atm. 

For all cases, new flame structures were observed. 
All of the flames exhibited a tribrachial main flame 
structure similar to that observed at atmospheric 
conditions, with a crescent-shaped premixed combustion 
region and a trailing diffusion flame. However, unlike 
edge flames in atmospheric conditions, the flames 
exhibited additional upstream branches such that the 
flames were tetrabrachial or pentabrachial. 

For the 900K and 1100K conditions, the upstream 
branch was located on the rich side in the vicinity of the 
stabilisation point and resulted from the first stage of the 
two-stage ignition process and low-temperature chemical 
kinetic pathways. At 1500K, the upstream branch was 
located on the lean side and was the result of high 
temperature, single stage autoignition. At the 
intermediate temperature of 1300K, both low and high 
temperature branches were evident. 

Figure 2: Map of ignition delay times by initial oxidiser temperature and 
mixture fraction at a pressure of 40 atmospheres and a fuel diluted with 
30% N2. The black, bold, dashed line marks the stoichiometric mixture 
fraction. The colour shading is in units seconds and the contours are in 
units milliseconds. The white, bold, dashed line marks the locus of 
minimum ignition delay time, note the discontinuity at 1250 K. 
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The stabilisation mechanism was found to be 
temperature dependent, with the higher temperature 
flames propagating at high velocity and being stabilised 
essentially by autoignition while at the lower 
temperature conditions the velocity was more modest 
and the flame appeared to be stabilised by premixed 
flame propagation. 

The results suggest that even in autoignitive 
conditions, essentially premixed edge-flame structures or 
hybrid premixed-autoignition structures can occur, and 
these could therefore be involved with the stabilisation 
of lifted flames in diesel engines. Further work is needed 
to understand how such structures are affected by a 
number of parameters including velocity, mixing layer 
thickness, shear, and turbulence. 
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Abstract 
This paper investigates the ability to control flame speed in micro/mesoscale combustors via tailoring the thermal properties of the 

wall material. The influence of anisotropic materials, which have enhanced thermal conductivity in the axial direction, on the flame 
speed is explored via an analytical model. The model accounts for 2D heat transfer (both in wall and gas) and fuel species transport. 
The results indicate that increasing the axial thermal conductivity of the structure allows higher heat losses to be tolerated by the 
burner. Thicker walls have a greater benefit to the thermal conductivity tailoring than thinner wall designs. Total heat recirculation is 
shown to be the primary control parameter to control the flame speed. 

 
Keywords: Microcombustion, Conjugate Heat Transfer, Anisotropic Materials, Laminar Flame Speed. 
 

1. Introduction 
 
Microcombustion has been studied in great detail in the 

past two decades, a detailed account of the various 
investigations in the experimental, theoretical and 
demonstrative realms can be found in [1, 2]. 
Microcombustion research finds application in small, portable 
power systems [3, 4], nano/pico satellite propulsion systems 
and non-catalytic enhancement of flammability limit for 
combustion of ultra-lean mixtures. Non-adiabatic flames were 
first studied by Spalding [5], who demonstrated that two 
flame speeds were possible for flames with heat losses. Heat 
recirculating burners were first proposed by Weinberg [6], 
who concluded that the lean flammability limit and flame 
temperatures could exceed that of the adiabatic flame for 
“excess enthalpy” burners. Several studies [7-15] have 
subsequently been conducted to better understand the role of 
wall thermal conduction and heat losses on flame propagation 
in narrow ducts and passages. 

The main outcome from the above studies is that the heat 
transfer to the pre-combustion gases via the combustor’s wall 
plays an important role in flame stabilization. Hence, the wall 
properties can be engineered to achieve higher flame speeds 
and extend the flammability limits. One approach to do this is 
to use anisotropic materials for the combustor wall. 
Anisotropic materials have different thermal properties along 
different orientations. Therefore, using carbon nanotubes 
[16], heat pipes or other crystal structures [17] it is possible to 
tailor the wall thermal conductivity to make it preferentially 
higher or lower in certain directions. In this paper, an 
analytical model is presented by extending the previous study 
[15] to include anisotropic wall thermal conductivity in the 
formulation. The model is used to explore the influence of 
increasing the thermal conductivity of the wall in the axial 
direction of a parallel plate reactor to improve flame 
stabilization.  

 
2. Theoretical Framework 

 
The formulation involves casting the gas, structure energy 
equations and fuel species transport equation in a 
dimensionless framework using the variables below. The 

problem is formulated for a parallel plate reactor (Figure 1) 
with origin fixed at the flame at the passage plane of 
symmetry. 

 
Figure 1. 2D Parallel plate burner with enhanced axial 
structural thermal conduction. 

The formulation (and nomenclature) follows the work 
presented in [15] closely, therefore, the details are presented 
in brief here to save space. 

freeL

L
L

g

ys

f

f
f

ad

sg
sg

S
SS

d
dw

k
k

d
yy

d
xx

y
y

Y
TT
TT

,

*,

,

,
,

;;

;

;;

=
+

==

==

=
−

−
=

++

−∞∞−

∞−

τκ

θ

   (1) 

The dimensionless gas and surface temperatures are given by 
θg and θs respectively, Yf  is the dimensionless fuel mass 
fraction, x+ and y+ are the dimensionless spatial coordinates, 
κ is the ratio of transverse structural thermal conductivity to 
the gas thermal conductivity, τ is the geometric ratio of total 
thermal conductance cross section (structure + gas) to the gas 
thermal conductance cross section, SL is the laminar flame 
speed and SL

* is the ratio of the laminar flame speed to the 
freely propagating laminar flame speed. The present study 
assumes constant density and plug flow. The dimensionless 
conservation of energy and species equations in the gas phase 
are:  
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 where, δ(x+) is the Dirac delta function and Le is the Lewis 
number (αth/D). The flame sheet assumption is used, wherein, 
the heat release occurs in an infinitely thin region at the 
flame. The combustor’s structure energy equation is given by: 
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Where, κAx (= ks,x/kg) is the ratio of axial structural to gas 
thermal conductivity. This parameter allows the exploration 
of using anisotropic wall materials (i.e., κAx ≠  κ) . The first 
order chemical reaction term for the jump condition across a 
thin flame is given by (see [15] for details) : 
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Pefree is the ratio of convective to conductive heat transfer 
based on the freely propagating flame speed SL,free.  Ze and γ 
are the Zeldovich number and heat release parameter. These 
are given by: 
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As done in [15], it is assumed that all temperature gradients 
go to zero at +/- infinity leading to the following boundary 
conditions on the gas and structure energy equations: 

 

 

)(,0),(

0,0),(
0

τθθκθ

θ
θ

τ
sE

y

s
s

y

g
g

Nu
y

y

y
y

=
∂
∂

−=∞

=
∂
∂

=∞

=

+

=
+

+

+

+




 (7) 

NuE is the Nusselt number for heat loss from the walls to the 
environment: 

g

E
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dhNu =    (8) 

If NuE is zero, then the walls are adiabatic. The temperature 
and heat flux are matched at the wall-gas interface leading to 
the following additional boundary conditions: 
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This allows for the thermal coupling between gas and 
structure to be modeled based only on thermal conductivities 
and does not require the imposition of a heat transfer constant 
or a Nusselt number. Integrating over an infinitesimally small 
volume around the flame gives the “jump conditions”. 
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The temperatures are matched between pre and post-flame. 
Similarly, the temperatures in the structure match at the flame 
location. Integrating over a similar volume gives no 

discontinuity in the structure temperature because there is no 
heat production in the structure. 
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The boundary conditions for the species equations are: 
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At the flame sheet, the fuel is fully consumed. Hence, Yf  is 
zero at the flame location (x+= 0) and beyond (x+ > 0). At the 
plane of symmetry and at the wall-gas interface, the species 
gradients go to zero due to the symmetry and non-permeable 
wall boundary conditions are applied. Integrating the species 
equation over an infinitesimal volume over the flame gives 
jump conditions for the species equation. 
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3. Solution: 
Equations 2-4 are solved using separation of variables and an 
orthogonality condition that is derived from the resulting 
ordinary differential equations [15, 18]. The solutions for the 
energy equations have been derived elsewhere [11, 12]. The 
temperature fields are given by:  
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 A detailed explanation of the solution procedure and the 
algebraic manipulations involved in developing the analytical 
expressions for An and Bn is available elsewhere [15, 18].  
The main difference between [15] and the present work is the 
inclusion of the axial thermal conductivity ratio (κAx). The 
functions φg, ψg, φs and ψ s are solutions to the energy 
equations and are described in greater detail in [15, 18]. The 
only difference in functions being the structure’s 
eigenfunctions, owing to the anisotropic equation, which are 
given by: 
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Where, αn is the corresponding eigenvalue (αn = λn, for φn 
and βn for ψn). For Plug flow, the species mass fraction 
equation reduces to a one dimensional solution as below. 
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Applying Eq. 19 to the “jump conditions” for species (Eq. 13) 
and substituting for the reaction rate term gives:  
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Equation 20 relates θF to SL
* (the flame speed/eigenvalue).  

Note that in the absence of heat recirculation or heat loss (i.e. 
adiabatic flame, θF = 1), flame speed equals the freely 
propagating flame speed (SL

*=1). The flame temperature is 
defined as the average temperature across the channel at the 
flame location (x+=0): 
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Substituting the solution to the energy equation (eq. 14) into 
eq. 21 gives:  
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Since ω is a known function of θF (see Eq. 5) and Bn are 
given by Eq. 17, the summation in Eq. 22 can be numerically 
computed for an assumed SL

*. The final solution procedure is 
to iterate on SL

* until the θF calculated based on Eq. 20 and 
Eq. 22 are the same. The chemical reaction parameters chosen 
for the present study are for Methane-Air combustion. Ea is 
1.2456 × 105 J/mol-K (Ta = Ea/Ru), Tad is 2226 K, the inlet 
temperature is 300 K, Pefree is taken to be 1 and Le is 
assumed to be 1.  

4.  Results: Effect of Anisotropy 

It is possible to extract interesting information about the 
flame speed for different combinations of burner designs via 
the κ, κAx, τ, NuE variables. In the interest of brevity, this 
paper focuses mainly on the influence of anisotropic wall 
materials on the flame speed.  

 

Figure 2. Flame speed (SL
*) contours vs. κAx at NuE = 

0.01. 

Figure 2 shows the influence of the structure’s axial thermal 
conductivity ratio (κAx) at four different combustor designs. 
The red curves represent a wall thickness equal to the half 

passage height at two different transverse thermal 
conductivity ratios (κ). The blue curves represent a wall 
thickness twice the half passage height at the same transverse 
thermal conductivities. It can be seen that at low values of 
κAx, the flame speed is comparable between low and high κ 
for both thin and thick walls. At higher κAx values, the flame 
speed is higher for the low κ case. This is because the lower κ 
reduces heat loss via the outer wall allowing for more axial 
heat transport and hence higher heat recirculation. Two 
comparative points with the same SL

* (= 8) on the t = 3 choice 
for the wall are illustrated (magenta and green dots) on the 
figure. It is seen that the κ = 10 case requires a higher κAx to 
achieve the same flame speed. 

The more interesting result from Fig. 2 is that beyond a 
certain κAx, the flame speed drops for all designs in the upper 
branch. The reason for this is seen from Figure 3, which 
shows the heat loss (Fig. 3a) and structure’s contribution to 
heat recirculation in the pre-flame for the same design 
conditions. The heat losses continue to increase with κAx, 
until the critical κAx beyond which flames do not propagate 
which causes the structural heat recirculation to drop beyond 
a certain κAx. Intuitively, it would be expected that at a fixed 
κAx, the thicker wall cases (blue) will have a higher flame 
speed than the thinner wall cases. However, Fig. 2 shows that 
this is only true up to a certain κAx. Beyond this, the 
additional heat flux results in excessive heat losses and the 
flame speed is lower for thicker walls. For this formulation 
heat recirculation (see [15]) is defined as: 
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And heat losses are defined as:
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b) 

Figure 3. a) Pre-flame heat losses b) Structural heat 
recirculation for contours shown in Figure 2. 
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The two dimensionality of the thermal problem is made more 
clear by looking at two burner designs for the thick wall case 
at the two different transverse κ’s (magenta and green circles) 
operating at the same SL

* (= 8). At fairly high κAx, where both 
these designs are operating, the net heat flux (heat 
recirculation + heat losses) going into the pre-flame in the 
wall is higher for the lower κ (solid blue line) case as can be 
expected. However, the heat losses are significantly higher 
for the lower κ case. This implies that the lower transverse 
thermal conductivity has allowed this design to tolerate a 
higher heat loss and still sustain the same flame speed. 
Similarly, if two points at the same SL

* which correspond to 
lower κAx are picked (not shown in the figure), the opposite 
trend would occur. Thus the wall thermal conductivity can be 
designed to obtain the performance of choice, i.e., high or low 
heat losses at a given SL

*.  

a) 

b) 
Figure 4. 2D temperature profiles of half channel, at SL

*
 = 

8, τ = 3 a) Green circle (Figs. 2 and 3): κ = 10, κAx = 350.6 
b) Magenta circle (Figs. 2 and 3): κ = 100, κAx = 268.1.  

Figure 4 shows the 2D temperature profile from the plane of 
symmetry to the outer wall, for the two operating points 
discussed above. The temperature contours clearly indicate 
that the lower κ case (which also has the higher κAx) is able to 
recirculate more heat in the pre-flame region near the gas-
structure interface (black dashed line).  

 
Figure 5: Total dimensionless heat recirculation vs. SL

*. 

The primacy of the total heat recirculation (HRtotal), as the 
parameter that controls SL

* was established in the work done 
in [15], where it was proved that SL

* only depended on. This 
is verified for anisotropic walls by plotting total heat 
recirculation versus flame speed in Fig. 5 for all four contours 
presented in Fig. 1, along with the theoretical value (solid red 
line).  

5.  Conclusions 

It has been shown that flame speed can be actively 
controlled through “thermal engineering” of the wall 
properties in microcombustors. The axial thermal 
conductivity can be used localize the high temperature 
regions near the gas-structure interface, which enhances flame 
stability. It can be beneficial to increasing the axial thermal 
conductivity of the wall to allow the burner to tolerate greater 
heat loss, or for the same axial thermal conductivity to obtain 
higher flame speeds. The application will dictate the 
engineering choices of the degree of anisotropy applied. The 
parametric space involving heat losses and burner design 
parameters should be explored in greater detail to present a 
more complete understanding of using anisotropic walls to 
improve the combustor performance. 
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Abstract 
In this study, simulations are employed to improve the fundamental understanding of soot formation from a chemical kinetics 

perspective during biodiesel and petrodiesel combustion under pressure and temperature conditions in engines. n-Heptane is used as 
the surrogate for petrodiesel  and a ternary mixture of methyl decanoate, methyl-9-decenoate, and n-heptane as the surrogate for 
biodiesel. In the case of the ternary biodiesel surrogate, a 211-species reduced mechanism is employed to model the chemical kinetics. 
This mechanism was derived as part of this work by combining reactions from the 160-species n-heptane mechanism with reactions 
from a skeletal 115-species mechanism proposed in the literature.  Soot kinetics is represented using a chemical mechanism that 
models the growth of soot precursors starting from a single aromatic ring by hydrogen abstraction and carbon (acetylene) addition. 
The influence of turbulence is indirectly modelled through an imposed strain rate in the simulations. The computations are carried out 
using a strained laminar flamelet code (SLFC). Analysis of the results shows that the significant reduction in soot observed in 
biodiesel combustion results from an increase in the concentration of alkoxy species during the fuel breakdown process which, in turn, 
reduces the concentration of the aromatic species and the increased oxidation of the precursors that lead to the formation of the 
aromatic ring. 

 
Keywords: Biodiesel combustion, Soot formation, Reaction pathway analysis, Strained flamelets 

 

1. Introduction 
 
In the diesel engine, fuel is injected directly into 

the cylinder toward the end of the compression stroke 
and it autoignites [1]. Combustion primarily occurs in a 
a highly strained and wrinkled diffusion flame 
surrounding the diesel jet and located where the fuel/air 
mixture is stoichiometric. Soot precursors form in the 
rich mixture fraction near the flame lift-off height 
where they become polycyclic aromatic hydrocarbons 
(PAHs) and eventually form soot downstream [2, 3]. In 
this work, through the use of kinetic modelling, a 
reaction pathway to soot formation is identified for 
petrodiesel and biodiesel combustion. This work is 
motivated by the desire to develop simple kinetic 
mechanisms for soot formation which can then be 
employed in multidimensional engine models and in 
large-eddy simulations. Understanding the reaction 
pathways and identifying the critical species will aid in 
the development of such models. 

The turbulent diffusion flame surrounding the jet 
can be considered to be a collection of laminar 
flamelets [4,5]. In this work the unsteady laminar 
flamelet model will be employed to study the structure 
of the strained diffusion flamelets. The unsteady 
flamelet equation is given by 
 

𝜕𝜙
𝜕𝑡

= 𝜒
2
𝜕2𝜙
𝜕𝑍2

+ �̇�𝜙 ,          (1) 
 
where 𝜒  is the scalar dissipation rate, 𝜙  denotes the 
vector of species mass fraction or temperature, and �̇�𝜙 
represents their respective source terms. 𝜒 is defined as 
 

𝜒 = 2𝐷𝑍(𝛻𝑍)2 ,           (2) 
 
where Z is the mixture fraction and DZ is the molecular 
diffusivity of Z. In mixing layers, 𝜒 may be assumed to 
be related to Z by an error function profile [14] 
 

𝜒 = 𝜒𝑠𝑡  
𝑒𝑥𝑝�−2�𝑒𝑟𝑓𝑐−1(2𝑍)�

2
�

𝑒𝑥𝑝{−2[𝑒𝑟𝑓𝑐−1(2𝑍𝑠𝑡)]2}
 ,        (3) 

 
where 𝜒𝑠𝑡  and 𝑍𝑠𝑡  represent the scalar dissipation rate 
and mixture fraction at the stoichiometric value, 
respectively. The next section will discuss the 
computational model and conditions that are employed 
for the analysis. Results and analysis will follow. The 
paper will close with summary and conclusions. 
 

2. Computational Model 
 

As petrodiesel consists of over 100 hydrocarbons, 
the direct chemical kinetic modelling of petrodiesel is 
computationally intensive even if kinetic mechanisms 
were completely available [6]. The fact is that such 
mechanisms are not yet available. For this study, n-
heptane (C7H16) is used as the surrogate for petrodiesel 
as it has been shown to represent some aspects of the 
chemical kinetics of petrodiesel reasonably well [7,8]. 
A 160-species n-heptane surrogate mechanism was 
chosen [9] as it allowed for the best compromise 
between computational time and accuracy. In addition, 
the 160-species mechanism has sufficient detail for 
coupling with the soot mechanism. 

Though the composition of biodiesel is simpler 
than of petrodiesel [10], the detailed oxidation kinetics 
of biodiesel is not well established. For this research, a 
ternary biodiesel surrogate fuel (TBS) is used. The TBS 
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consists of three fuel components: 25% methyl 
decanoate (MD), 25% methyl-9-decenoate (MD9D) 
and 50% n-heptane. The TBS mechanism, developed as 
part of this work, is a 211-species mechanism which 
combines a 115-species skeletal TBS mechanism [11] 
with additional reactions from the 160-species 
n-heptane mechanism that influence soot kinetics. The 
additional reactions from the 160-species mechanism 
are those which also appear in a detailed oxidation 
model for methyl decanoate.  

Soot is modelled using a 101-species, 546-
reactions kinetic mechanism [12], which will be 
referred to as the ABF (Appel, Bockhorn, Frenklach) 
model. Soot formation involves several steps: inception 
of soot nuclei, surface growth, coagulation, and 
oxidation. The inception stage begins the pathway 
towards the formation of soot via specific precursors. 
Although the specific steps in the inception stage are 
not well-known, the pathway via PAHs is the most 
widely accepted. The PAH formation pathway forms 
soot though the H-abstraction-C2H2-addition (HACA) 
process [13,14]. Hydrogen atom is abstracted from a 
single aromatic ring (benzene) through collision with 
another molecule. The benzene ring (now a radical) 
reacts with acetylene (C2H2) to form the first 
chain.This is repeated until the single benzene ring 
(A1) becomes a naphthalene (A2) compound, and 
process is repeated. The aromatic rings then reach a 
stage where they are large enough to grow by surface 
growth and form particles. Large aromatic rings 
chemically bond to form larger structures, while the 
smaller PAHs continue growing through the inception 
stage. As the structures increases in size, they also 
agglomerate forming a range of structures. Throughout 
the stages of particle growth, oxidation of the soot, 
primarily via OH attack on the surface, works to reduce 
and limit soot inception and growth. In SLFC, soot 
formation is modelled by using the method of moments 
[15].  

The NO mechanism from the GRI-Mech 3.0 is 
employed [16]. These three mechanisms (fuel, soot, and 
NO), added together, form the 253-species, 
2085-reactions n-heptane mechanism and the 
304-species, 1609-reactions TBS mechanism. 

The unsteady flamelet equations (see Eq. (1)) are 
solved using an in-house strained laminar flamelet code 
(SLFC) to compute strained diffusion flames under 
engine conditions [17,18]. Note that the model includes 
the time derivative of pressure in the energy equation 
but the pressure is assumed to be constant in this work. 
SLFC models a laminar diffusion flamelet by 
transforming the physical space into Z space which is 
then discretized into 51 grid points. Note that it is this 
transformation which gives rise to the scalar dissipation 
rate in the equation. In this sense, the scalar dissipation 
rate is a measure of (square of) the physical gradients of 
the mixture fraction. The 51 grid points vary in density, 
with the highest density of the grid points close to Zst. 

The computations are carried out at a pressure of 
42 bar. Fuel and air are initially at 373 and 1000 K, 
respectively. In addition, air is taken to be of 

atmospheric composition, with 21% oxygen by volume 
and the remainder nitrogen. The simulations are run for 
a total calculation time of 3 ms with a timestep of 
5 x 10-7 s. It has been confirmed that this timestep is 
adequate to give timestep-independent results [8, 18-
19]. 
 

3. Results and Discussion 
 

3.1 Combustion Characteristics 
 
For reference, the ignition delay time is found to be 

0.42 ms for the n-heptane mechanism and 0.52 ms for 
the TBS mechanism. This is defined as the time where 
the peak temperature reaches 1,500 K. It is interesting 
to note that biodiesel ignition delay time is generally 
lower than that of petrodiesel. So, the results presented 
here are specific to the surrogate fuels selected and not 
a reflection of actual engine behaviour. Typical results 
from the computations are shown in Fig. 1 for 
n-heptane and TBS at 1.5 ms after ignition.  
 

 

 
Figure 1: Plots for temperature, soot volume fraction, and 

acetylene, A4 and A1 mass fraction. 
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Temperature, soot volume fraction (fv), and mass 
fractions (fm) of, acetylene, A4, and A1 are shown with 
respect to Z. From the temperature plot (a), it can be 
seen that the peak temperature is similar between 
n-heptane and TBS although the Z where the peak 
occurs is different because Zst is higher for biodiesel. 
These results are consistent with previous findings [19]. 
However, the soot fv are lower in TBS by about a factor 
of four (Fig. 1(b)). This paper seeks to understand these 
differences from a kinetics perspective in the context of 
engine conditions. Recall that the soot mechanism used 
in this study is identical between the n-heptane and 
TBS mechanism, and that the HACA mechanism 
begins with the benzene (A1) species, subsequently 
forming A2, A3 and A4 through H-abstraction and 
C2H2-addition. In this regard, it is useful to compare 
the concentration of C2H2, A1, and A4 between n-
heptane and TBS to identify differences. The difference 
in C2H2 concentration (Fig. 1(c)) of about 20% is not 
enough to explain the differences in soot. Comparing 
Fig. 1(d), it can be seen that the difference in A4 is in 
fact of the same magnitude as the difference in soot 
volume fraction. Fig. 1(e) shows that, while differences 
in A1 are not as large as in the soot fv or A4 fm, they 
are about a factor of three. The next section will discuss 
the origin of this difference. 

 
3.2 Reaction Pathway Analysis 

 
To understand the difference in A1 (and 

eventually, soot) between n-heptane and TBS, an 
understanding of the reaction pathway leading to the 
formation of A1 is needed. By tracing the formation of 
A1 through the various reactions that form it, critical 
species and reactions may be identified that cause this 
eventual difference. As the maximum fm of A1 occurs 
at Z = 0.263 in n-heptane and Z = 0.277 for TBS, the 
pathway will be investigated at that Z for each 
surrogate fuel. Note that in terms of equivalence ratio, 
these Z correspond to 5.31 and 4.41, respectively, i.e. 
the peak A1 occurs at an overall leaner equivalence 
ratio in TBS than in n-heptane. 

Table 1 shows the overall reaction pathway for the 
formation of A1 through its various precursors. The 
first column shows the reaction number. The next four 

columns list the chemical reaction and the Arrhenius 
reaction rate constants: the pre-exponential factor (A), 
the temperature-exponent (b), and the activation energy 
(EA). For each reaction, a critical species is in bold. 
This species is identified as such because among the 
species at that level, it is most likely to influence the 
formation of A1. The species is investigated for its 
influence on the formation of soot. The last 3 columns 
list the mass fraction fm of the critical species in n-
heptane, TBS, and their ratio, respectively. 

At the top level, reaction (henceforth, written as 
‘Rxn’) 1.1 – 1.3 form A1. Comparing the ratios of the 
critical species, the ratios of n-C4H5 and n-C6H7 fm are 
the largest which may explain the difference in A1 
between n-heptane and TBS. However, the fm of n-
C6H7 is relatively low to cause such an impact in A1. 
Hence, Rxn 1.2 is the most likely route to A1. This type 
of evaluation is repeated to determine the key reactions 
and species that form n-C4H5. n-C4H5 is formed by 
numerous reactions, but only four important ones will 
be listed in Table 1. Comparing the ratios of species, it 
can be seen that the ratio of C2H3 fm is largest between 
n-heptane and TBS. It is interesting to examine Rxn 
2.3; the fm of C5H5O is 125 times higher in TBS 
compared to n-heptane presumably because TBS is 
oxygenated. 

Knowing the critical reaction and species in the 2nd 
level, the pathway can be traced back further to the 3rd. 
Only three of the numerous reactions are listed. Rxn 3.2 
has a pre-exponential factor that is too low for the 
forward-direction reaction to affect A1 production. 
However, Rxn 3.2 is interesting due to the involvement 
of O2 and HO2. Although the forward reaction is very 
slow, it indicates that the reverse reaction is preferred. 
As HO2 is almost 60,000 times more abundant in TBS 
than n-heptane at the peak A1 mixture fraction, this 
suggests that Rxn 3.2 is a very fast oxidising reaction 
that drastically slows down the formation of A1 in TBS 
by consuming C2H3. Comparing Rxn 3.1 and Rxn 3.3, 
although the former has a greater chance of forming 
C2H3, the critical species, IC3H7, is more abundant in 
n-heptane than TBS. Thus, reaction Rxn 3.3 is the most 
likely reaction that contributes to the difference in A1 
at this level. 

 
Table 1: Reaction pathway analysis for the formation of A1 

Reaction # Reaction A b EA Heptane  TBS  Ratio 
1.1 C3H3 + C3H3 = A1 2.0E+12 0 0 1.07E-04 9.51E-05 1.13 
1.2 n-C4H5 + C2H2 = A1 + H 1.6E+18 -1.9 7400 3.64E-06 1.54E-07 23.6 
1.3 n-C6H7 = A1 + H 5.3E+25 -4.4 17300 4.19E-09 9.61E-11 43.6 
2.1 C2H3 + C2H2 = n-C4H5 8.1E+37 -8.1 13400 5.19E-05 6.37E-06 8.15 
2.2 C4H6 + OH = n-C4H5 + H2O 6.2E+06 2 3430 1.72E-03 1.84E-03 0.935 
2.3 C5H5O = n-C4H5 + CO 2.5E+11 0 43900 1.43E-09 1.79E-07 7.99E-03 
2.4 C5H4OH + O = CO2 + n-C4H5 3.0E+13 0 0 5.99E-08 2.63E-08 2.28 
3.1 C2H4 (+M) = C2H3 + H (+M) 1.69E+15 0.1 107099 5.16E-02 3.64E-02 1.42 
3.2 C2H2 + HO2 = C2H3 + O2 2.73E-16 -0.9 11400 9.30E-13 5.33E-08 1.74E-05 
3.3 C2H4 + IC3H7 = C2H3 + C3H8 1.31E+11 0 17800 1.29E-04 3.44E-07 375 
4.1 H + C3H6 = IC3H7 1.30E+13 0 1560 1.01E-02 3.99E-03 2.53 
4.2 C3H8 + O2 = IC3H7 + HO2 4.00E+13 0 47500 5.98E-03 5.53E-05 108 
4.3 H + C3H8 = H2 + IC3H7 1.30E+06 2.4 4471    
4.4 CH3 + C3H8 = CH4 + IC3H7 3.98E+11 0 9500 1.33E-04 3.24E-05 4.10 
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The final level looks into the formation of IC3H7. 
Though there are many reactions that form IC3H7, only 
four reactions will be compared here. Looking at the 
hydrocarbon species, C3H8 has a much larger mass 
fraction in n-heptane than TBS and Rxn 4.2 can be 
concluded to form part of the critical pathway. Figure 2 
summarizes the pathway identified above. For each 
species in the sequence, the fm is significantly lower in 
TBS than n-heptane. It has been found that the pool of 
smaller hydrocarbons, such as C2H5, C2H6, and C3H8, 
has a smaller fm in TBS than n-heptane by about 50%.  
The oxidation process of the biofuel does not easily 
disassociate the attached oxygen atoms due to the 
strong bonding force. The oxidation process of TBS 
initially breaks the fuel into more alkoxy groups, such 
as aldehyde and alcohol compared to n-heptane. A 
comparison of aldehydes and alcohols shows that their 
fm in TBS is 60% higher than in n-heptane. The higher 
amount of oxygenated species reduces the proportion of 
hydrocarbons that are available to form soot precursors. 
While the focus in Table 1 is on C3H8, it has been 
replaced by CmHn in Fig. 2 to represent the collective 
pool of small hydrocarbons. This suggests that 
differences in the breakdown mechanism of TBS to 
these lower order hydrocarbons compared to that of n-
heptane plays an important role in determining the final 
outcome.  

 
 

 
Another possible factor for the lower fm of A1 in 

TBS is that it peaks at a leaner equivalence ratio: 4.41 
as compared to 5.31 in n-heptane. Under leaner 
conditions, the amount of oxygen would naturally be 
higher, which in turn increases the oxidation of 
precursors of A1 and A1 itself. In fact, at the Z of peak 
A1, the O2 concentration, while small, is still about six 
orders of magnitude larger in TBS than n-heptane. Its 
strong presence in TBS contributes significantly to the 
overall oxidation process through the creation of 
radicals such as O and OH. Referring back to Rxn 3.2 
in Table 1, the high level of O2 suggests that C2H3 can 
be more readily oxidised in the reverse reaction, thus 
also reducing the formation of soot.  

Exhaust gas recirculation (EGR), the process of 
injecting a fraction of the exhaust gas back into the 
injection stream, has mostly been used to reduce NOx 
at the expense of engine efficiency and an increase in 
particulates [1]. As it has been shown that the amount 
of O2 strongly influences the formation of soot, an 
investigation into various EGR conditions has been 
carried out. It has been found that varying the initial 
O2:N2 ratio to reflect 20%, 40% and 60% EGR does 
not affect the conclusions arrived in this study. The 
detailed results will be discussed in a separate paper. A 
future paper will also discuss the development and 
validation of simplified mechanisms for biodiesel and 
petrodiesel soot kinetics with applications to engines. 
 

4. Summary and Conclusions 

 
In this study, an in-house laminar flamelet code 

was used to simulate the combustion of petrodiesel and 
biodiesel surrogates under engine conditions. 
n-Heptane was used as the surrogate for petrodiesel fuel 
and a ternary mixture of fuels was the surrogate for 
biodiesel fuel. It was found that the maximum 
concentration of soot volume fraction in n-heptane was 
larger than the surrogate biodiesel fuel by a factor of 
four. This difference is attributed to the difference in 
the initial aromatic species that leads to the formation 
of PAHs through the hydrogen-abstraction carbon-
addition mechanism. This, in turn, is related to the 
higher concentration of alkoxy species formed during 
the oxidation of the biodiesel surrogate which, in turn, 
reduces the concentration of the hydrocarbon species 
that form the aromatic ring. Furthermore, the leaner 
mixture conditions under which the aromatic ring forms 
in the biodiesel surrogate contributes to the oxidation of 
the hydrocarbon species. This study suggests that 
simplified mechanisms for soot formation based on 
considering classes of species can be developed for 
more intensive CFD applications. 
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Abstract 
A combined n-heptane-mono-aromatic hydrocarbon (MAH) reaction mechanism was developed by adding reactions of benzene 

and single aromatic ring species to an n-heptane reaction mechanism from Lawrence Livermore National Laboratories. The combined 
reaction mechanism was validated for ignition delay time and important species concentrations reported in experimental data sets 
including laboratory scale premixed and counter-flow diffusion flames. The important combustion products and benzene were 
predicted well using the combined mechanism in the premixed flat flame. The overall agreement was also good for the counter-flow 
diffusion flame; however, benzene was over-predicted as ethylene from the parent n-heptane reaction steps that leads to formation of 
acetylene and benzene was over-predicted. Importantly, the new mechanism predicted the formation location of PAH well compared 
with PLIF images from an experiment in a direct injection diesel engine. 
 
Keywords: Ignition delay time, OPPDIF, OpenFOAM, PAH, PREMIX, SENKIN, soot precursor. 
 

1. Introduction 
Aromatic hydrocarbons are important precursor 

species for soot production in diesel engines, as well as 
being themselves a pollutant. The ability to predict 
these species using simulations is therefore important. 
Because of the complexity of real fuels, engine 
simulations frequently consider surrogate fuels such as 
n-heptane [1]. However, most n-heptane chemical 
mechanisms, either reduced or detailed do not contain 
PAH reaction steps and can only predict acetylene 
(C2H2) as a soot precursor. The predicted C2H2 can 
only give qualitative indications for PAH observed in 
experiments [2]. Also, soot models based on C2H2 
precursor cannot provide good quantitative predictions 
compared with experimental observations [3]. In the 
present work, a combined n-heptane and single 
aromatic ring species reaction mechanism was 
validated for ignition delay time and different important 
species concentrations in laboratory scale premixed and 
counter-flow diffusion flames. The new mechanism 
was then used to simulate combustion in a diesel 
engine. It was found that the predicted mono-aromatic 
hydrocarbon (MAH) concentration was qualitatively 
consistent with the PAH planar laser induced 
fluorescence (PLIF) images from the experiment. 

2. Chemical Mechanism 
The main objective of present work was to develop 

a chemical mechanism for n-heptane that can predict 
formation of benzene and single aromatic ring 
compounds. For this purpose, a detailed n-heptane 
reaction mechanism from Lawrence Livermore 
National Laboratory (LLNL) [4] and single aromatic 
ring species formation reactions from Blanquart et al. 

reaction mechanism [5] were systematically combined. 
This step was necessary because while Blanquart et al. 
[5] considered comprehensive kinetics for aromatics, 
only high temperature n-heptane kinetics were 
included, thus limiting the usefulness of the mechanism 
in engine simulations. An additional advantage of 
considering the LLNL reaction mechanism for n-
heptane was that precursor hydrocarbons such as 
propyne (C3H4), propene (C3H6), propane (C3H8) and 
butadiene (C4H6) already exist in this mechanism. The 
reaction steps of the mentioned hydrocarbons leading to 
formation of radicals (propargyl C3H3 and allyl A-
C3H5) involved in the formation of first aromatic 
compounds are also part of LLNL mechanism. The 
following reaction steps were considered for 
development of the LLNL-MAH mechanism. 

1) All species and reactions from the original 
LLNL mechanism were retained. 
The following reactions were added from [5]: 

2) 1,3-butadiene (C4H6) reaction steps that lead to 
the formation of e-1,3-butadiene-1-yl (N-C4H5) 
and i-1,3-butadiene-1-yl (I-C4H5) radicals. 
These radicals further participate in the 
formation of benzene and phenyl radical. 

3) 1-buten-3-yne (C4H4) reaction steps that 
produce i-1-butene-3-yne-2-yl (N-C4H3) and e-
1-butene-3-yne-2-yl (I-C4H3). 

4) Fulvene (C5H4CH2) formation steps. Benzene 
and phenyl radical formation steps from 
fulvene. 

5) Single aromatic species formation reaction 
steps from H-abstraction-C2H2-addition 
(HACA) reaction steps, toluene reaction steps 
and benzene oxidation reaction steps. 

 
In the considered reaction steps, benzene formation 

takes place in two pathways.  
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In first pathway: 
    N-C4H5 + C2H2 ↔ C6H6 + H                                  
(1) 

and in second pathway: 
    C3H3 + C3H3 ↔ C6H6                                             
(2) 
    C3H3 + A-C3H5 ↔ C6H6 + H2                                
(3) 

The added single aromatic species reactions other 
than benzene are mostly from the H-abstraction-C2H2-
addition (HACA) mechanism based on Ref. [6]. This 
means some part of acetylene (C2H2) formed in the 
soot formation regions will get converted into 
aromatics. Finally, the combined reaction mechanism 
(LLNL-MAH) has 188 species and 1710 reactions 
including both forward and backward reactions. The 
thermodynamic and transport properties of all species 
in the resultant combined chemical mechanism (LLNL-
MAH) were taken from the respective parent 
mechanisms [4, 5]. 

3. Validation Results 
Combustion of diesel in direct injection 

compression ignition engines exhibits auto-ignition of 
the fuel with a time delay after the start of injection. 
Combustion occurs both in a diffusion flame mode and 
in a premixed combustion mode [7]. Therefore, it is 
necessary to validate the developed mechanism in both 
premixed and diffusion flame regimes. 

3.1  Ignition Delay Time 
The original LLNL mechanism was thoroughly 

validated for ignition delay times with experimental 
data obtained from shock tubes [8] and rapid 
compression machines [9] at different pressures. It was 
necessary to check that the modified mechanism 
reproduced the behaviours. Therefore, the predicted 
ignition delay times using the LLNL-MAH were 
compared against those of the LLNL mechanism. The 
SENKIN code [10] was used to estimate the ignition 
delay time at a constant volume for a range of initial 
mixture equivalence ratios and temperatures. The point 
of ignition was defined as the time of maximum rate of 
temperature rise. The initial pressure of 40 bar was 
prescribed, as a pressure relevant to internal 
combustion engines. As can be seen in Fig. 1, the added 
aromatic reactions have not altered the ignition delay 
time as compared to the original LLNL mechanism, as 
expected. 

3.2  Premixed Flat Flame 
A rich n-heptane/air (equivalence ratio, φ = 1.9) 

premixed laminar flame from experiments reported in 
Ref. [11] was considered for validation. The 
experiment was conducted at the atmospheric pressure. 
The PREMIX code [12] was used for the simulations. 
The temperature profile obtained from the experiment 
was prescribed in the simulations. This is an alternative 
to solving the energy equation, which is not feasible in 
this case due to unknown heat losses by conduction and 

radiation to the burner surface. The initial guess for the 
products and intermediate species mole fractions was 
taken from the experimental data. 

 
Figure 1.  Comparison of predicted ignition delay times using LLNL-
MAH and LLNL mechanism. 

 
Figure 2.  Mole fractions of important species and soot precursors for 
the rich n-heptane/air premixed flat flame (dots: experiment from 
Bakali et al. [11]; blue lines: simulations using LLNL-MAH; green 
lines: simulations from Blanquart et al. [5]). 

  As shown in Fig. 2, the consumption of fuel and 
oxidiser and formation of the main combustion 
products (CO2, CO) are well predicted compared with 
the experiment and Blanquart et al. [5] simulations, 
from which the MAH reaction steps are taken. This is 
as expected as the main n-heptane reaction steps from 
the LLNL mechanism are retained in LLNL-MAH 
mechanism. An important feature of the LLNL-MAH 
mechanism is the good prediction of aromatic soot 
precursor (benzene, C6H6) compared with the 
experiment and Blanquart et al. [5] simulations. Other 
important combustion products such as propyne, 
butadiene, and propene are also well predicted (not 
shown here). Acetylene (C2H2) prediction using 
LLNL-MAH compared with the experiment is better 
than predicted by Blanquart et al. [5] mechanism. 

3.3  Counter-flow Diffusion Flame 
A counter-flow atmospheric n-heptane/air diffusion 

flame [13] with a very rich mixture of fuel and air 
(equivalence ratio, φ = 15) on the fuel side was 
considered for validation of the LLNL-MAH 
mechanism. The OPPDIF code was used for the 
simulations [14].  In this case, the energy equation was 
solved as the flame exists away from the burners and no 
significant heat loss by conduction to the burners takes 
place. The initial guess for the products and 
intermediate species mole fractions was taken from the 
experimental data. 

 As can be seen in Fig. 3, temperature, fuel and 
oxidiser consumption and important combustion 
products are predicted well compared with the 
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experiment and simulations from Blanquart et al. [5]. 
Benzene concentration is over-predicted three fold. 
This may be due to over-prediction of ethylene (C2H4) 
in the diffusion flame, which further reacts to form 
C2H2 and N-C4H5 leading to formation of benzene, 
which is the first pathway as shown in (1). Also, 
experimental errors cannot be ignored.  

 
Figure 3.  Mole fractions of important species and soot precursors for 
the n-heptane/air counter-flow diffusion flame (dots: experiment from 
Berta et al. [13]; blue lines: simulations using LLNL-MAH; green 
lines: simulations from Blanquart et al. [5]). 

4. Engine Simulation Results 
The validated LLNL-MAH reaction mechanism 

was used to simulate direct injection and combustion in 
an optically accessible Cummins N-series heavy-duty 
engine installed in Sandia National Laboratories. The 
fuel used was a blend of 79% n-heptane and 29% iso-
octane. The engine has a low swirl ratio of 0.5. The low 
swirl of the engine has enabled us to consider a 45˚ 
periodic sector mesh of the engine covering a single 
fuel injector. In the experiment, combustion and 
pollutant formation processes were studied using 
planar-laser-induced-fluorescence (PLIF) diagnostics of 
OH, formaldehyde (CH2O) and PAH simultaneously. 
Three different configurations of the bowl geometry 
were studied. In the present simulation, a bowl 
configuration with 80% diameter of the bore diameter 
was only considered. More details of the engine and 
test conditions are available in Ref. [15]. 

Simulations were performed using OpenFOAM® 
[16]. Turbulence was modelled using RNG k-ε model 
and the Kelvin-Helmholtz Rayleigh-Taylor (KH-RT) 
sub-model [17] was used for spray atomisation and 
break-up. An integrated chemistry model was used for 
combustion simulations. More details about the 
numerical simulation approach can be found in [18]. 

As PAH soot precursors form in the post 
combustion heat release stage, the added MAH reaction 
steps in the LLNL-MAH mechanism did not affect heat 
release rate and in-cylinder pressure trace, as expected 
(not shown here). 

The temporal evolution of total in-cylinder mass of 
MAH and C2H2 in kg per kg of injected fuel obtained 
from simulations is shown in Fig. 4. The total mass of 

MAH is the sum of mass of benzene and all first 
aromatic ring compounds in the engine cylinder. It is 
evident from Fig. 5 that the peak total mass of C2H2 
using LLNL and LLNL-MAH forms at around 13˚ 
aTDC (after Top Dead Center). The MAH total mass 
also peaks at 13˚ aTDC and is proportional to the 
difference in the mass of C2H2 between the cases 
simulated using LLNL and LLNL-MAH mechanisms. 
This is due to the fact that the major MAH contributing 
reactions are HACA based. It is also observed that the 
fraction of mass of MAH formed is very small 
compared with the mass of C2H2. 

 
Figure 4.  Model predicted temporal evolution of total mass of C2H2 
in kg per kg of fuel using LLNL-MAH and LLNL mechanisms and 
total mass of MAH in kg per kg of fuel using LLNL-MAH 
mechanism. 

Contour plots of CH2O, OH (hydroxyl), C2H2 and 
MAH mass fractions obtained from the simulations 
using LLNL-MAH mechanism at 14˚ aTDC are 
compared with the corresponding PLIF images from 
the experiment at three different planes taken at 7 mm, 
10 mm and 14 mm from the firedeck in Fig. 5. In 
experiments, ensemble-averaging of OH and PAH 
PLIF images is generally not preferred because it 
smears out some features of combusting fuel jet. 
Therefore, in the considered experiment, instantaneous 
PLIF images were selected from a set of 20 images, 
acquired from 20 different engine cycles following a 
two-dimensional cross-correlation taken between an 
instantaneous image and the ensemble-average image. 
This cross-correlation gives an instantaneous image that 
is closely similar to the ensemble-average image [15]. 
The dotted white arc in all the images represents the 
field of view margin in the experiment, the continuous 
white arc represents the edge of the bowl and the dotted 
red arc in the images from the simulations at 7 mm 
represents the edge of the cylinder. The highlighted 
bright red spots with the letter ‘g’ in the PLIF images at 
10 mm and 14 mm are due to PAH fluorescence [15]. 
In the images from the simulations, the red contour 
lines on the left-hand side of the dotted white arc 
(inside the experimental field of view) are CH2O 
contours whereas the yellow contour lines on right-
hand side of the arc are C2H2 contours in the middle 
column images and MAH contours in the right column 
images.   

It is first noted that the simulated OH mass fraction 
contours (green) and formaldehyde (CH2O) mass 
fraction contours are in qualitative agreement with the 
experimental OH and CH2O fluorescence respectively 
in all the planes. Soot precursors are now considered. 
At 7mm, MAH contours from the simulations are seen 
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very close to the cylinder wall and well outside of the 
experimental field of view. At the 10 mm and 14 mm 
planes, MAH forms very near the edge of field of view, 
which coincides with the tiny spots of PAH 
fluorescence observed near the edge of the field of view 
in the experiment. The comparison with the PLIF 
images shows that the combined mechanism could well 
predict formation locations of pre-combustion species 
such as CH2O, combustion progress indicators such as 
OH and mainly post-combustion aromatic soot 
precursors. This stands as a testimony that the 
mechanism can be used to develop a better soot model. 

 
Figure 5.  Comparison of model predicted mass fraction contours of 
CH2O/C2H2 + OH (middle column) and CH2O/MAH + OH (right 
column) using LLNL-MAH mechanism at 14˚ aTDC with PLIF 
images (left column) from the experiment at 7 mm, 10 mm and 14 
mm planes from the firedeck. 

5. Conclusions 
In this paper, a combined reaction mechanism of n-

heptane and the single aromatic ring species reactions 
was validated for ignition delay time and for important 
species concentrations from laboratory premixed and 
counter-flow diffusion flames. The mechanism was 
then used for simulating n-heptane combustion in a 
direct injection diesel engine. The following were 
achieved:  

1) The ignition delay times predicted using 
the LLNL-MAH mechanism were 
identical with the results using the LLNL 
mechanism. This is expected as the added 
aromatic reactions are post combustion 
driven. 

2) The predicted important combustion 
products and benzene using the LLNL-
MAH mechanism in a premixed flat flame 
were in agreement with the experimental 
data and the simulations from Blanquart et 
al. [7], whereas in the case of counter-
flow diffusion flame, benzene was over-
predicted. 

3) The predicted apparent heat release rate 
and in-cylinder pressure in the diesel 
engine using the LLNL-MAH mechanism 
were similar to that of the LLNL 

mechanism. Predictions of PAH match 
fairly well with the PLIF images from the 
experiment. 
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Abstract 
In this study, the decomposition of methane in a nonequilibrium plasma, where nitrogen and oxygen were excluded from 

the feed mixture, was investigated.  The major product species formed under conditions where the conversion level of 
methane was relatively high (up to 50 %) were determined. Hydrogen, acetylene, ethylene, ethane and propane were the 
primary gaseous species identified, and a liquid fraction was detected, which was characterised by 1H NMR and gel 
permeation chromatography. The product spectrum formed in the nonequilibrium plasma is compared to the species profile 
predicted from methane pyrolysis, where the feed composition, residence time and methane conversion levels used in the 
high temperature pyrolysis simulation matched those in the nonequilibrium plasma experimental reactor. 

Keywords: nonequilibrium plasma, methane, pyrolysis. 
 

 

1. Introduction 
Nonequilibrium plasma-assisted combustion is 

considered to have great potential as a technique to 
enhance the combustion performance of fuels [1, 2]. 
One of the main advantages of the plasma is its 
propensity to generate a high concentration of 
reactive species, including radicals, ions, and excited 
species (at low temperatures) which can strongly 
influence combustion characteristics, especially fuel 
ignition and lean burn combustion. 

From a practical perspective, considerable effort 
has been afforded to the development of plasma-
assisted spark engines, where the plasma leads to 
faster ignition and flame propagation [3]. Other 
areas of practical interest include the use of 
nonequilibrium plasma as a pilot flame in gas 
turbines [4].  

Plasma systems are generally characterised by 
the extent to which ionic and electronic constituents 
exist in thermal equilibrium. Systems in thermal 
equilibrium are typically excited by the continuous 
application of energy (e.g. stationary arc). 
Nonequilibrium systems, in contrast, employ 
methods for restricting the duration of the excitation 
energy such that thermal effects are temporally 
skewed or out-of-sync with the excitation. Several 
practical nonequilibrium excitation methods are 
described in the literature [5], among those that can 
be operated at atmospheric pressure include the 
Pulsed Corona Discharge, Dielectric Barrier 
Discharge (DBD) and Gliding Arc.   

In a DBD system, individual discharge impulses 
are rapidly self-quenched (i.e. in the order of 
microsecond duration). The abrupt discontinuity in 
excitation results in a strongly nonequilibrium 
plasma. The pulse width is determined by the 
electrical properties of the dielectric barriers and the 
magnitude of discharge current rather than by the 

characteristics of the power supply. As a result, the 
effective width of individual discharge current 
impulses depends largely on applied voltage, 
discharge gap and characteristics of the gas feed. 
The dielectric barrier reactor is essentially an 
electrical capacitor in which the dielectric cavity is 
divided into regions of high and low relative 
permittivity (i.e. dielectric strength). When a 
sufficiently high voltage is applied across the 
dielectric complex the low permittivity region 
breaks down; the fragmented products from 
molecules are then available as reactive species [6]. 

Currently, DBDs have numerous applications, as 
they integrate the advantages of nonequilibrium 
plasma properties with the ease of atmospheric 
pressure operation. Most notably is the use of a 
DBD reactor commercially to generate ozone, O3. In 
addition, DBDs can be operated at reasonably high 
power levels. DBDs can be constructed in various 
geometries, depending on the application with planar 
and cylindrical configurations being the most 
common.  

A study on the decomposition of methane in a 
nonequilibrium plasma, where oxygen and nitrogen 
were absent, would assist in revealing the major 
stable product species. By comparing the plasma 
experimental results with high temperature methane 
pyrolysis may disclose the difference and 
similarities in the key reaction steps involving fuel 
decomposition which take place in nonequilibrium 
plasma-assisted combustion of methane. 

 
2. Experimental 

2.1 Nonequilibrium plasma 
The experimental facility was discussed in detail 

in our earlier publication [7]. Briefly, a dielectric 
barrier discharge reactor, constructed out of two 
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concentric dielectric barriers (quartz tubes) was used 
for this study (Fig. 1). The dielectric tubes have 
dimensions of 25 mm OD (1.8 mm wall thickness) 
and 12 mm OD (1.5 mm wall thickness). A helical 
copper wire (26 mm in length) was used as inner 
electrode, while a copper shim (20 mm in length), 
wrapping around the outer tube, was used as the 
outer electrode. The entire reactor assembly was 
operated in a dedicated fume cupboard. 
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Figure 1: Schematic of DBD reactor assembly and analytical 
train. Component 18 and syringe pump were not used in the 
present study. While components 10 and 11 are not important for 
this study, they help in studying other reactions where acid gases 
are generated. 
 

The power supply used in the experiments was a 
voltage resonant topology delivering a sinusoidal 
AC output voltage of up to 20 kV (rms) at a constant 
frequency of 21.5 kHz. The voltage figures 
presented in this article are peak to peak 
measurements unless otherwise indicated. The 
power input to the reactor was determined from the 
enclosed area of voltage-charge Lissajous figure. A 
sample Lissajous figure is presented in Fig. 2. The 
calculated input power to the reactor was used to 
calculate the input energy density (P/F, where P is 
the average power dissipated by the reactor and F is 
the total volumetric feed rate). The detail of 
calculating input energy density can be found 
elsewhere [8]. 

A J-type thermocouple was used to measure the 
temperature of outer electrode (and is considered to 
be the wall temperature of the outer electrode) in 
plasma zone where an aliquot of zinc oxide based 
thermal transfer compound and a mica sheet were 
used to isolate the thermocouple from the electrical 
contact while maintaining the thermal contact with 
the outer electrode. 

A GC/MS (Shimadzu QP5000) equipped with 
AT-Q column was used to identify gas phase 
products. An online micro-GC (Varian CP-4900), 
equipped with molesieve 5A and PoraPLOT Q 
columns, was used to quantify carbon-containing 
species in both the feed and product flows. A 
dedicated gas-chromatograph (Shimadzu GC-17A) 
was used to quantify hydrogen in the product stream.  

 
Figure 2: Lissajous figure at 16 kV for a total feed rate of 100 
cm3/min with a CH4 concentration of 2.5 % (C3 capacitor sums 
the reactor displacement charge and C2 capacitor represents 
applied voltage of capacitive divider). 
 

The reaction of methane in argon bath gas also 
results in the production of a liquid hydrocarbon 
product, and this fraction was analysed by gel 
permeation chromatograph (GPC) and nuclear 
magnetic resonance (NMR) spectrometer. In order to 
produce enough liquid product for analysis by GPC, 
experiments were conducted over a 4 hour duration. 
At the end of this period, the high voltage to the 
DBD was terminated and the reactor was allowed to 
cool then repeatedly rinsed with tetrahydrofuran 
(THF) solvent (99.9 %, Merck). The THF/liquid 
hydrocarbon mixture was then analysed by GPC. 
For the analysis of the liquid hydrocarbon sample by 
NMR, a similar experiment was conducted for 4 
hours and the reactor tube was rinsed with 
deuterated chloroform (99.96 atom % D, 0.03% v/v 
TMS, Aldrich). The deuterated chloroform/liquid 
hydrocarbon mixture was then analysed by NMR 
spectrometer. 

The GPC employed for this analysis was 
equipped with a refractive index (RI) detector and 
three Styragel columns (HR5E, HR3 and HR0.5) 
operating at 40 °C (manufacturer–Waters, model–
GPCV 2000). Polystyrene standards (Polymer 
Standards Service) with a molecular weight range of 
470 to 2300000 g mol-1 (Mn) were used for 
calibration. For NMR experiments, either a Brüker 
Avance 400 MHz spectrometer or a Brüker Avance 
600 MHz spectrometer was used, depending on their 
availability. For processing of NMR spectra, Brüker 
Topspin 3.1 software was used. 

2.2 Kinetic modelling of CH4 pyrolysis 
The pyrolysis of CH4 has been widely studied 

for many years, and detailed kinetic models have 
been developed in an effort to understand the 
fundamental reaction chemistry of this process [9].  
The auto catalytic nature of the reaction, notably the 
influence of cyclopentadiene on the reaction rate, 
has been investigated [10]. 

In the present investigation, commercial software 
(Cosilab, version–3.0.3) was used to undertake the 
kinetic modeling. The GRI-Mech 3.0 [11], which is 
an optimised mechanism designed to model natural 
gas combustion, was used for kinetic simulation 
with all reaction steps involving oxygen or nitrogen 
removed from the mechanism. 
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3. Results and Discussion 

3.1 Conversion of CH4 in a nonequilibrium 
plasma 

Figure 3 shows the conversion profile of CH4 as 
a function of applied voltage at residence times of 
1.48 and 2.95 seconds. As is evident in the figure, 
the conversion of CH4 increases with applied 
voltage. The conversion level of CH4 reaches 50 % 
(τ = 2.95 s) and 36 % (τ = 1.48 s) at 16.5 kV. The 
electrode temperature reaches a maximum 
temperature 120 °C, which represents the 
temperature of bulk gas, and highlights how low the 
gas temperature is in the non equilibrium plasma 
reactor when compared to the thermal reactor. 

 
Figure 3: Percentage conversion of CH4 as a function of applied 
voltage (feed conditions–2.5 % CH4 in 100 cm3/min for τ = 2.95 
s and 2.5 % CH4 in 200 cm3/min for τ = 1.48 s). 
 

As the residence time decreases, the conversion 
of CH4 drops. This is primarily because the input 
energy density decreases with a decrease of 
residence time as can be seen in Fig. 4. Previously, 
we reported the conversion profile of CH4 for 9–13 
kV [7]. In this article, we report conversion of CH4 
from 14 kV to 16.5 kV. 

 
Figure 4: Calculated input energy density as a function of applied 
voltage. 
 

The conversion of CH4 in the DBD reactor forms 
gaseous products including H2, C2H2, C2H4, C2H6, 
C3H8, i-C4H10 and n-C4H10, and liquid and solid 
hydrocarbon products. Solid hydrocarbons are 
presumably crosslinked polymeric hydrocarbons. 
Liquid hydrocarbons are characterised and described 
in a later section of the paper. 

3.2 Kinetic modelling of the conversion of 
CH4 at elevated temperatures 

The GRI mechanism used in the modeling 
included 16 species and 40 reactions, and the 
simulation was undertaken at residence times of 2.95 
s and 1.48 s to match the conditions in the DBD 
experiments. The conversion of CH4 as predicted 

from the simulation is presented in Fig. 5. As is 
evident from the figure, at a temperature of 1050 °C 
the thermal reactor resulted in a conversion of CH4 
of 25 % at 2.95 s residence time and 19 % at 1.48 s 
residence time while at 1175 °C the conversion of 
CH4 was 70 % at τ = 2.95 s and 59 % at τ = 1.48 s. 

 
Figure 5: Percentage conversion of CH4 in thermal reactor as a 
function of temperature. 
3.3 Comparison of gas phase products 

The yield of gas phase products has been 
compared between nonequilibrium plasma and 
thermal reactor systems and presented in Tables 1 
and 2. The conversion value of CH4 at 16 kV of 
nonequilibrium plasma has been considered as the 
reference condition. 
Table 1: Comparison of major gaseous products produced in 
nonequilibrium plasma at 16 kV with their production in thermal 
reactor at the same level of conversion of CH4 (49.1 %) at 2.95 s 
residence time. 
 Nonequilibrium plasma 

experiments 

Thermal 
pyrolysis model 

prediction 
H2 yield 30.8 % 35.4 % 
C2H2 & 

C2H4 yield 3.94 % 47.7 % 

C2H6 yield 8.70 % <1 % 
C3H8 yield 5.85 % <1 % 

Conditions 
Applied voltage: 16 kV, 
Input energy density: 5.9 kJ/L 
Reactor temperature: 112 °C 

Reactor 
temperature: 

1120 °C 
 

While the yield of H2 is similar in two systems, 
the yield level of C2H2 and C2H4 are significantly 
higher in thermal reactor. The high yields of C2H2 
and C2H4 in the thermal system and the auto-
catalytic nature of the reaction, leads to the 
formation aromatic products, as reported by Dean 
[10]. In nonequilibrium plasma system, little or no 
aromatic species have been observed either in the 
gas phase product profile or in liquid products. In 
addition, the yields of C2H6 and C3H8 are higher in 
nonequilibrium plasma. 
Table 2: Comparison of major gaseous products produced in 
nonequilibrium plasma at 16 kV with their production in thermal 
reactor at the same level of conversion of CH4 (35.8 %) at 1.48 s 
residence time. 
 Nonequilibrium plasma 

experiments 

Thermal 
pyrolysis model 

prediction 
H2 yield 18.2 % 25.6 % 
C2H2 & 

C2H4 yield 4.27 % 34.7 % 

C2H6 yield 8.01 % <1 % 
C3H8 yield 4.96 % <1 % 

Conditions 
Applied voltage: 16 kV, 
Input energy density: 3.2 kJ/L 
Reactor temperature: 112 °C 

Reactor 
temperature: 

1112 °C 
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3.4 Formation of liquid hydrocarbons from 
nonequilibrium plasma 

The thermal reactor produces black carbon 
particulate product as reported by Wullenkord et al. 
[12], and the nonequilibrium plasma produces solid 
and liquid hydrocarbons in addition to gaseous 
products. In this article, we have characterised the 
liquid hydrocarbon products by GPC and NMR. 
Solid hydrocarbon product characterisation is part of 
our ongoing research. 

A typical GPC trace of the liquid product produced 
in the nonequilibrium plasma is presented in Fig. 6. 
The sample of liquid hydrocarbons can be split into 
two groups in GPC analysis. The number average 
molecular weights (Mn) of them are 480 and 290 g 
mol-1 (polydispersity index of both fractions are 
nearly 1.1). 
 

 
Figure 6: GPC trace of liquid hydrocarbons produced from the 
reaction of CH4 in an argon bath gas applying nonequilibrium 
plasma (applied voltage – 16 kV, feed conditions–2.5 % CH4 in 
100 cm3/min). 
 

The 1H NMR spectrum (Fig. 7) highlights the 
presence of a number of functional groups in the 
liquid. The peak at approximately 0.86 ppm  
indicates the presence of a CH3 group in the liquid 
[13]. Signals most likely to be the result of protons 
belonging to CH2 group can be identified from the 
peak at 1.25 ppm [13]. The peak at about 1.55 ppm 
can be attributed to the presence of a CH group in 
the hydrocarbon liquid [13]. Since the liquid is a 
mixture of a number of hydrocarbon species, the 
possibility of overlapping peaks in the 1H NMR 
cannot be ruled out. The NMR spectrum also depicts 
a possibility of unsaturation to be present in the 
liquid. The peaks around the region of 2 ppm and 5 
ppm are suggestive of the presence of unsaturation 
in the liquid product phase [13]. 

 
Figure 7: 1H NMR spectrum for the liquid hydrocarbon mixture 
(applied voltage–16 kV, feed conditions–2.5 % CH4 in 100 
cm3/min).  The peak marked X at 7.3 ppm is due to the solvent. 

Researchers have made several attempts to 
convert methane to higher hydrocarbons employing 
various techniques [13-16]. Irrespective of whether 
an oxidative or a non-oxidative atmosphere is 
employed for this conversion, the spectrum of 
products obtained in the liquid fraction is large and 
complex, making it very difficult to analyse [13-16]. 
 

4. Conclusion 
The decomposition of methane has been 

conducted in a nonequilibrium plasma and compared 
with high temperature methane pyrolysis via 
simulation. The reaction of methane in 
nonequilibrium plasma produces liquid 
hydrocarbons while this product is absent in 
conventional thermal reactor. The lack of 
unsaturated products in the nonequilibrium plasma, 
even under conditions where the conversion levels 
of CH4 are high, is a notable difference with the 
product profile obtained under pyrolytic conditions. 
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Abstract 
Kinetic mechanisms for biodiesel are of great interest for both fundamental research and industrial development. Understanding 

how to reduce detailed mechanisms without losing the prediction accuracy is the main challenge to develop computational fluid 
dynamics and multi-zone models with detailed chemical kinetics for simulations of reacting flow and internal combustion engines. 
The aim of this paper is to present a novel reduced pyrolysis mechanism for methyl butanoate, the smallest ester with a structure 
similar to the ones of biodiesel fuels. Based on the Principal Component Analysis (PCA), the original mechanism composed of 267 
species and 2054 reactions has been reduced to various levels for properly understanding the trade-off between the mechanism size 
and its prediction capability. The PCA, which uses a sensitivity analysis for each reaction, is able to eliminate unimportant species and 
reactions from the original mechanism based on the criteria that weight the contribution of each reaction in the selected combustion 
systems. From a pool of reduced MB mechanisms, we have been able to identify a computationally economical skeletal mechanism 
that is able to well reproduce shock tube experimental data over a wide temperature range from 1200 to 1700 K.  
 
Keywords: Principle component analysis, Mechanism reduction, Methyl butanoate, Pyrolysis. 
 

1. Introduction 
 

The great concerns over the disadvantages of fossil 
fuels, including diminishing resources, greenhouse gases 
and other pollutants, have raised the strong interest in the 
application of alternative fuels as a renewable source of 
energy for road transport, aviation, and electricity 
generation. One potential solution as an alternative fuel 
is biodiesel, which is considered as CO2 neutral. Most 
commonly, biodiesel produced from local crops, such as 
soybeans, rapeseed, palms, olives, or sunflowers is 
comprised primarily of fatty acid methyl esters (FAMEs, 
-C(=O)-O-CH3) [1, 2]. In terms of power system costs, 
biodiesel has the advantage of being generally 
compatible with current combustion technologies and 
fuel infrastructure [3, 4]. 

 
Chemical kinetic modeling, which enables detailed 

chemical analyses on pyrolysis and oxidation 
characteristics of fuels, is one way to greatly increase the 
efficiency of studying a variety of biodiesel-powered 
combustors. Because of the molecular complexity, direct 
kinetic modeling of biodiesel combustion has been 
historically unfeasible. Alternatively, a common practice 
is the use of surrogate molecules or blends that match the 
characteristics of real fuels but have much lower 
computational requirements [5]. For the past decade, 
biodiesel surrogate mechanisms have been widely used 
to model fuel reactions in simplified reactors such as, jet 
stirred reactors, shock tubes and rapid compression 
machines [6]. Methyl butanoate (MB), as shown in Fig. 
1, is the most commonly used surrogate for studies of 
biodiesel fuel combustion [7]. However, species and 
reaction numbers in developed biodiesel surrogate 

 
mechanisms are generally too large to be numerically 
embedded into computational fluid dynamics engine 
models that provide detailed description of in-cylinder 
gas motion and detailed reactions on a local level.  

 
One way to address the issue of size and 

computational cost is the mechanism reduction. Skeletal 
reduction, which is typically the first step in establishing 
a reduced mechanism, is to remove unimportant species 
and reactions in achieving certain computational targets, 
such as species concentrations, temperatures or 
pressures. The methods based on the strategy of skeletal 
reduction include sensitivity analysis [8, 9], principle 
component analysis (PCA) [10, 11], Jacobian analysis 
[12], direct relation graph (DRG) and other DRG-based 
methods[13, 14]. The advantages and disadvantages of 
the reduction processes have been described and 
summarized in the review article of Lu and Law [13].  
Among the methods mentioned above, PCA seems to be 
the most capable of generating a reduced mechanism to 
be used in a wide variety of species.  

 
Although reduced mechanisms for biodiesel 

surrogates have been extensively proposed  in the past 
years [15-17], relatively little is known about how 
reduced mechanisms produced by skeletal reduction are 
influenced by the selected targets such as, initial 
temperature, pressure, and concentrations. In the present 
study, we attempt to develop a reduced mechanism for 
MB pyrolysis using principle component analysis with 
difference initial temperatures in a shock tube study. The 
findings of this study extend the applicability of the PCA 
to mechanism reduction for pyrolysis of oxygenated 
fuels. 
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Fig. 1. Structure of methyl butanoate 

2. Methodology  

2.1 Numerical Details 
 

In this study, the principle component analysis is 
performed using KINTECUS and ATROPOS [18]. The 
details of the numerical method are given in references 
[10, 11]. In the first step, the original mechanism is used 
in KINTECUS to obtain each species concentration as a 
function of time under isothermal and isobaric 
conditions. The systematic ordinary differential equa-
tions for each species concentration are numerically 
solved with given initial conditions. In each time step, 
where concentrations are solved, a matrix of Normalized 
Sensitivity Coefficients (NSC) is generated by the 
equation:  

NSC = �𝜕ln [A]
𝜕ln𝑘𝑗

�                                                              (1) 

where [A] is the concentration of each species (mol/cm3) 
and 𝑘𝑗  is the rate coefficients for each reaction j. The 
calculated NSC matrices (S) are used to determine the 
degree of influence that each reaction has in each 
species. The produced NSC matrices, S1, S2, S3…Sn, are 
concatenated to form a big matrix, BS. The removal of 
each reaction requires the satisfaction of the inequality 
constrains: 
𝜆 ≤ 𝑚 × 𝑞 × safe values                                              (2) 
where 𝜆 is the eigenvalues of 𝐵𝑆T × 𝐵𝑆 (the superscript 
T is transpose), m is the species number and q is the time 
points. The safe values (SV) are the threshold numbers 
that we use to generate different levels of skeletal 
mechanisms.  
 

2.2 Parameter Selections for Mechanism 
Reduction  

 
The MB mechanism of the University of Michigan 

[19] that is composed of 267 species and 2054 reactions 
is reduced by eliminating reactions and species that have 
less influence on MB pyrolysis in a shock tube [20].The 
initial condition used for calculating NSC matrices is 
0.5% mole fraction of MB in Ar. The pressure of 1.5 atm 
is selected for two temperatures (T =1200 and 1600 K) 
based on the experimental conditions used in the study 
of Farooq et al [20]. The safe number (threshold  
number) employed in this study is in the range of 10-14 to 
17. 

 
Fig. 2. Reaction number in each reduced mechani-
sm derived from different safe values.  

 

 
Fig. 3. Species number in each reduced mechani-
sm derived from different safe values.  

3. Results and Discussion 
 
In the present study, we attempt to identify a reduced 

mechanism that achieves the best trade-off among the 
mechanism complexity, mechanism accuracy and range 
of temperature that can be used to perform kinetic 
modeling. We first analyze the relationship between the 
size of skeletal mechanisms and safe numbers. Then, 
these generated skeletal mechanisms are employed to 
reproduce existing experimental results for MB pyrolysis 
in a shock tube. The discrepancies between experimental 
and predicted valves for different skeletal mechanism are 
presented accordingly.   

 
Fig. 2 and 3 show the presence of reaction and 

species numbers, respectively, in different skeletal 
mechanisms generated by a wide range of safe values. 
As expected, the increase of safe values results in the 
decrease of mechanism complexity. It is seen that the 
complexity of the mechanism drops significantly at T = 
1200 K when compared to that at T = 1600 K. This 
observation indicates that the connectivity of each 
reaction is strongly reduced at relatively low reaction 
temperatures. At safe value of 10-8, where the 
mechanism complexity is seen to be reduced significant- 
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Fig. 4. CO mole fraction versus time in shock tube 
simulation at T = 1700 K using reduced mechanis-
ms derived from different safe values at T = 1600 K. 
 

 
Fig. 5. CO mole fraction versus time in shock tube 
simulation at T = 1700 K using reduced mechanis-
ms derived from different safe values at T = 1200 K 
 
ly, approximately 75% reactions and 33% species in the 
original mechanism are removed. This result implies that 
the 25% reactions remained are strongly bound with 
about 67% of the total species in the original mechanism. 
It is also seen that when the safe value is increased from 
10-8 to 10-4, the removal of unimportant species and 
reactions becomes less effective. Although the species 
numbers are further significantly reduced at the safe 
number greater than 10-2, the accuracy to predict MB 
pyrolysis (produced at safe number > 10-2) may 
dramatically drop in these skeletal mechanisms.      

 
In order to test the accuracy and temperature range 

for the applicability of combustion modeling, we select 
10 skeletal mechanisms (5 generated at T = 1200 K and 
the other 5 produced at T = 1600 K) to be employed in 
KINTECUS to reproduce transient CO formation from 
MB pyrolysis in a shock tube experiment. These skeletal 
mechanisms are chosen by the safe numbers of 10-14, 10-

9, 10-5, 0.5 and 17, respectively. The predicted results for 
CO formation at T of 1700 K are shown in Fig. 4 and 5. 
In Fig.4, the most computationally economic and accept 
able skeletal mechanism is the one produced at T = 1600 

 
Fig. 6. CO mole fraction versus time in shock tube 
simulation at T = 1250 K using reduced mechanis-
ms derived from different safe values at T = 1600 K. 

 
Fig. 7. CO mole fraction versus time in shock tube 
simulation at T = 1250 K using reduced mechanis-
ms derived from different safe values at T = 1200 K. 

 
K with the safe number of 10-5. This skeletal mechanism 
has 152 species and 321 reactions. Unlike the results in 
Fig. 4, the skeletal mechanisms produced at T = 1200 K 
(Fig. 5) indicate that the favored mechanism is seen in 
the case with the safe number of 10-9. The complexity of 
this skeletal mechanism, however, is not efficiently 
reduced. Further, the selected 10 mechanisms are used to 
predict CO formation from MB pyrolysis at T of 1250 K 
and the results are presented in Fig. 6 and 7, 
respectively. As seen in Fig. 6, the predicted results from 
the skeletal mechanisms (created at T = 1600 K) reveal 
that the case with the safe number of 10-5 is consistently 
reliable for predicting CO formation at the low 
temperature. In Fig. 7, the most favored skeletal 
mechanism reduced at T = 1200 K is the one with the 
safe value of 10-5. This mechanism composed of 145 
species and 254 reactions shows a relatively poor 
prediction of CO formation at T = 1700 K in Fig. 5. 
Thus, a reduced mechanism capable of being used for a 
wide temperature range may be considered hard to be 
generated if the PCA is performed at low temperature 
conditions.  
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4. Conclusions 
 

The objective of this study is to identify a skeletal 
mechanism that is able to predict CO formation from 
methyl butanoate pyrolysis at temperatures in the range 
of 1250 K and 1700 K. This study is achieved by a 
Principle Component Analysis applied to an existing 
mechanism in the literature. The most favorable skeletal 
mechanism generated at 1600 K is able to well reproduce 
the CO formation at both 1250 and 1700 K, whereas the 
most preferable skeletal mechanism created at 1200 K 
shows no consistency in terms of the accuracy for the 
prediction of CO formation at different pyrolysis 
temperature. Future work will be dedicated to validating 
the reduced mechanisms with different products formed 
in methyl butanoate pyrolysis.     
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Abstract 
This paper presents experimental and modelling results for the ion current produced during the constant volume oxidation of 

methane in air. Ion current and chamber pressure results obtained from the experiment are shown and some important features 
discussed. A finite-rate reduced ionic reaction mechanism for the constant-volume oxidation of methane is presented, which contains 
21 reactions and 21 species, including 4 charged species. The reaction mechanism is used in Ansys Fluent with Chemkin-CFD to 
predict heat release (and therefore chamber pressure), species molar concentrations and species transport during the combustion of 
methane in a constant-volume chamber. The predicted charged species molar concentrations are compared to those found in previous 
studies (both experimental and numerical) and the chamber pressure is compared to that in the experiment. The ion current is 
calculated from the charged species molar concentrations using the mean free path theory and compared to the ion current obtained in 
the experiment. Some general features of the experimentally obtained ion current can be seen in the simulated curve. 

 
Keywords: ion current, methane reaction mechanism, constant-volume methane oxidation 
 

 

Nomenclature 
[X] Molar concentration of species X 
D Internal diameter of spark plug body (10mm) 
d Diameter of spark plug centre electrode 

(2.5mm) 
e Elementary charge (1.6E-19 C) 
e- Electron 
FG Geometric factor 
Ii Calculated ion current 
me Electron mass (9.1E-31 kg) 
NA Avogadro’s number (6.022E+23 mol-1) 
P Chamber pressure 
VS Voltage applied to centre electrode of ion 

sensor 
μ Electron mobility 
ν i Frequency of collisions between electrons and 

species i 

1. Introduction 
Ion generation in hydrocarbon flames is a phenomenon 
that has been studied for decades and the mechanisms 
for the generation of ions from neutral particles are well 
established [1, 2]. It is known that the primary source of 
ions in flames is given by the chemical reaction (1) [2, 
3]. 

CH + O  HCO+ + e-  (1) 
It is also known that this reaction is followed by 
reaction (2) [3]. 

HCO+ + H2O  H3O+ + CO (2) 
Reaction (2) proceeds at a much faster rate than 
reaction (1), leading to a much higher concentration of 
H3O+ than HCO+. O2

- ions are formed from electrons 
via reaction (3). 

O2 + e-  O2
-    (3) 

H3O+, O2
- and electrons are the major charged species 

formed in the constant-volume combustion of methane 

[3, 4]. Being a product of hydrocarbon flames, a sensor 
that is able to detect these ions would be a useful tool 
for characterization of flames. 
 
 If two oppositely charged electrodes are inserted into a 
combusting flame that contains charged species, the 
charged species are attracted to one or the other 
electrode and are neutralized there. This flow of charge 
between the two electrodes gives rise to the 
phenomenon known as the ion current. Since the ions 
are produced as part of the combustion process, the ion 
current is a direct indicator of combustion. Hence, it 
can be a useful tool in the study of combustion. One 
such area that the ion current could be used in is 
internal combustion engine diagnostics and prediction 
of performance and emissions from these engines. The 
ion current has previously been used to detect 
combustion resonance [5], approximate air-fuel ratio 
[6] and predict in-cylinder pressure [7] and engine-out 
torque [8]. It has also been used to control spark 
advance timing [9], injection timing [10] and estimate 
pressure peak position [11, 12]. It is clear that the ion 
current signal has a large amount of information 
embedded within it. The problem, historically, has been 
how that information is extracted. All of the studies 
described above use simple curve fitting or complex 
statistical techniques to obtain the desired outputs from 
the ion current, without delving deeper into the 
mechanisms for ion generation. An in-depth study into 
ion generation would help supplement the above 
studies and give some physical basis for the use of the 
ion current in these situations.  
 
Many finite-rate mechanisms for methane oxidation 
exist. One of the most detailed mechanisms was 
maintained by the Gas Research Institute [13] until 
2000. The latest version of their mechanism, designated 
GRI-Mech 3.0, contains 325 reactions and 53 species. 
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It, however, contains no charged species. Starik & 
Titova [14] proposed an ionic mechanism that 
contained 392 reactions and 59 species that was used to 
predict the ion concentrations in a perfectly stirred 
reactor. Aithal et al. [3] proposed a reduced ionic 
mechanism consisting of 65 reactions and 29 species. 
This was used to predict the ion current in a two-zone 
model of the constant-volume combustion of methane. 
The same author [15] later used a two-zone equilibrium 
model to predict the ion current during the combustion 
of methane in a constant-volume chamber.  
 
One characteristic of all of the previously mentioned 
finite-rate models is their complexity and hence the 
simplicity of the application they are used for. When 
considering internal combustion engine applications, 
many other complexities exist (such as fluid dynamics, 
air entrainment and a moving control volume) that 
make such mechanisms impractical. Any study on ion 
generation in an internal combustion engine will 
require a much simpler chemical kinetics model for 
incorporation into an engine model such as one 
presented in [16]. 
 
This paper describes one such reduced ionic 
mechanism for methane oxidation implemented in the 
constant-volume combustion of methane. The predicted 
time-resolved values of ion current and chamber 
pressure are presented. These values are validated 
against experimental results. 

2. Experiment 
The constant volume test chamber is in the shape of an 
extruded regular octagon of 150mm span and 132mm 
depth as was used in [17]. A two-way valve allows the 
chamber to be pressurized with a mixture of methane 
and air, in any desired ratio and to any desired pressure. 
A spark plug fitted in one of the walls of the chamber 
initiates combustion. The ion current is measured using 
a modified spark plug with the side electrode removed 
and the centre electrode maintained at +120V DC. The 
tip of the centre electrode of the spark plug is located in 
the centre of the chamber. 

 
Fig. 1 Schematic of constant volume test chamber – side view (A) 

and top view (B) 

Fig. 2 Experimentally determined ion current and pressure traces for 
methane combustion in a constant volume chamber 

Chamber pressure is measured instantaneously with a 
pressure transducer. An exhaust valve at the top of the 
chamber allows the combustion products to escape after 
measurements are made and a valve at the bottom 
allows the flow of compressed air into the chamber to 
flush out the combustion products and to remove heat 
from the chamber walls. A schematic of the chamber is 
shown in Fig. 1. Under the experimental conditions 
investigated, the chamber pressure just before the 
initiation of the spark is 5 bar, the temperature is 300K 
and the equivalence ratio is 1. 
 
The experimentally obtained traces of ion current and 
chamber pressure are shown in Fig. 2. The spark occurs 
at time t=0, initiating combustion. The ion current is 
seen to be nearly zero while the pressure rises as more 
fuel is burned. At time t=0.051s, the ion current 
experiences a sharp increase to a global maximum of 
25.8μA, which quickly drops within 0.015s. At time 
t≈0.12s, just before the cessation of heat release, the ion 
current again climbs to a local maximum and gradually 
falls back to zero. 
 
One interesting aspect of the ion current curve is its 
early rise. The first ion current peak occurs at 10.4% of 
the total pressure rise, indicating that the flame front 
arrives at the sensor before it arrives at the equivalent 
point on the chamber wall. This uneven propagation 
suggests a curved flame front, as would be expected 
from a point ignition source in a nearly-square fluid 
domain with heat loss at the walls. Another point to 
note about the ion current curve is its late increase near 
the point where heat release ceases. This is possibly due 
to convection in the chamber brought about by the 
expansion of hot burnt gases or late burning when the 
unburnt gases are transported away from the far end of 
the chamber by the same expansion of burnt gases. 

3. Methane Oxidation Model 
The chemical kinetics of methane has been the subject 
of many studies on combustion chemistry. In the period 
from 1970 to 2000, the mechanism evolved from a 15 
step, 12 species scheme to a 325 step, 53 species 
scheme [13, 18]. Turns [18] presents reaction pathway 
analyses for GRI-Mech 2.11 in a well-stirred reactor. 
The reduced ionic mechanism presented in this paper is 
based on the reaction pathway analyses of Turns. 
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However, GRI-Mech 2.11 does not contain any charged 
species. 
 

 
Fig. 3 Reaction pathway for methane oxidation mechanism 

 
The charged species reactions added to the mechanism 
are based on the ionic reactions in [3]. The final 
reaction set contains 21 reactions (all reversible) and 21 
species (including 4 charged species). The 3 charged 
species determined by [3] to be the most abundant were 
electrons, H3O+ and O2

-. These are included in the 
mechanism, as is HCO+ because it is an intermediate 
species in the formation of H3O+ [3, 19]. The reaction 
pathways are shown in Fig. 3. 

 
The target variables were the molar concentrations of 
major species such as CO2, CO and H2O. The 
mechanism was validated against GRI-Mech in 
Chemkin using the perfectly stirred reactor (PSR) code 
and was found to perform well. However, the PSR code 
is unable to give spatial information, such as is needed 
when modeling a moving flame front. In order to model 
the propagation of the flame front, the transport of 
species and any convective effects brought about by the 
mass transport of hot burnt gas to the unburnt gas, 
Ansys Fluent is used with the Chemkin-CFD package. 
Chemkin-CFD is a chemistry solver that allows the 
addition of detailed chemical kinetics such as multistep 
reactions to a computational fluid dynamics package. 
 
The fluid domain consists of a horizontal slice through 
the centre of the chamber described in Section 2, giving 
it the shape of a regular octagon. 2-D geometry was 
selected over 3-D to reduce computational time. The 
boundary condition set to simulate the heat loss 
observed in the experiment was a constant surface 
temperature at the outer surface of the chamber walls. 
While there is likely to be localized turbulence in the 
flame front and large scale global turbulence in the 
form of convective cells as the hot combustion gases 
expand, species transport in the chamber is generally 
laminar. For this reason, a laminar viscosity model is 
chosen in Fluent. The outputs taken from the model are 
the chamber pressure, molar concentrations of the four 
charged species in the centre of the chamber (where the 
sensor in the experiment was located) and the molar 

concentration of OH in the same location, to determine 
when the flame front reaches the sensor. 

Fig. 4 Predicted species molar concentrations and chamber pressure. 
 
These outputs, when the simulation was run at the same 
conditions as the experiment, are shown in Fig. 4. It can 
be seen that the maximum chamber pressure reached in 
the simulation is higher than in the experiment (41.4 
bar against 38.5 bar), indicating less heat loss. The 
lower heat loss experienced in the simulations is at least 
partly due to the 2-D nature of the model. The top and 
bottom surfaces of the chamber are not included, thus 
reducing the total surface area available for heat loss. 
The predicted pressure also increases at a slower rate 
than the experimentally obtained pressure during the 
first half of the combustion event. This, also, is 
possibly due to the 2-D nature of the model. During the 
experiment, the flame front is allowed to propagate in 
all three dimensions, increasing the heat release rate 
compared to the 2-D case. Later, when the flame front 
occupies the full height of the combustion chamber, 
this effect is lost.  
 
Fig. 4 shows the predicted species molar concentrations 
and chamber pressures. The plot of OH concentration 
against time is not shown due to the large difference in 
magnitude between the concentration of OH and that of 
the charged species. There is a sharp increase in the 
molar concentration of OH at time t=0.057s, indicating 
the arrival of the flame front. Shortly after, at time 
t=0.058s, the concentrations of electrons and H3O+ ions 
increase sharply to their respective peaks of 2.26E-10 
mol/m3 and 2.29E-10 mol/m3. The concentrations are 
largely identical, making it difficult to distinguish them 
in Fig 4. These concentrations then drop to a local 
minimum of approximately 8E-12 mol/m3 before rising 
later in the combustion event to a local maximum. The 
concentrations of HCO+ and O2

- are both 
approximately two orders of magnitude lower than 
those of H3O+ and electrons for the duration of the 
combustion event. The difference in magnitudes of 
concentration of positive ions agrees with previous 
literature [3, 20, 15]. In the case of the negative ions, 
the result agrees with [15], where a difference of a 
similar magnitude was found. [3] and [21] report 
contrary findings. 
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 Fig. 5 Predicted ion current and chamber pressure 
 
Since the area for neutralization of charge on positively 
charged species (the chamber walls and spark plug 
body) is much larger than that for the neutralization of 
negatively charged species (the spark plug centre 
electrode), it can be assumed that the limiting factor in 
the ion current is the molar concentrations of the 
negatively charged species. Also, since the molar 
concentration and mobility of electrons is much higher 
than that of O2

-, very nearly all the current flow will be 
due to the neutralization of electrons rather than O2

- 
ions. Given this assumption, the ion current can be 
calculated from the molar concentration of electrons 
using (4) as in [3, 15]. 

𝐼𝑖 = 𝐹𝐺 × 𝑉𝑆 × 𝑒 × 𝑁𝐴𝜇[𝑒−]  (4) 
μ, the electron mobility, can be found using the mean 
free path theory [22]. FG is calculated as the ratio of the 
average electrode areas (directly in the current path)  to 
the shortest straight line distance between the two 
electrodes. This value was calculated to be 0.01022. 
The ion current calculated from the species 
concentrations shown in Fig. 4 is shown in Fig. 5.  
 
It can be seen that the shape of the ion current curve 
generally agrees with the experimental results. Visible 
in the numerical results is the early first peak in the ion 
current. Though occurring later than in the experiment 
in the absolute sense (0.058s against 0.051s), the ion 
current rise takes place at 8.7% of the total pressure 
rise, which is earlier than seen in the experiment 
(10.4%). Also seen is the increase in the ion current 
later in the combustion event. However, the first peak is 
narrower in the simulation than in the experiment and 
the second peak less pronounced.  

4. Conclusions 
A reduced ionic mechanism for the constant-volume 
oxidation of methane in air has been developed, which 
consists of 21 reactions, 17 neutral species and 4 
charged species. The neutral reactions of the 
mechanism are based on GRI-Mech 2.11 and the ionic 
reactions are based on Aithal, et al [12]. It has been 
validated in a perfectly-stirred reactor in Chemkin, 
where it was found to perform similarly to GRI-Mech 
2.11. It has also been partly validated on Ansys Fluent 
with a Chemkin-CFD plug in package. The results of a 
2-D CFD model incorporating the reaction mechanism 

developed were compared to experimental results in a 
constant-volume chamber. The model predicts a higher 
peak chamber pressure and different burning rates than 
the experiment, which may be rectified by converting 
the geometry to 3-D, at the cost of greatly increased 
computational time. The mechanism predicts a greater 
molar concentration of electrons and H3O+ than O2

- 
and HCO+, which agrees with some previous studies. 
The overall ion current calculated is similar to that 
obtained from the experiment in both magnitude and 
trend. 
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Abstract 
This paper presents a new numerical approach for modelling combustion in homogeneous charge compression ignition (HCCI) 
conditions based on the first order conditional moment closure (CMC) method. The model is implemented into the open source C++ 
computational fluid dynamic (CFD) code known as OpenFOAM. Four direct numerical simulation (DNS) cases from Yoo et al. [1] 
are used to evaluated the performance of the CFD-CMC solver. In the DNS cases, ignition of a lean n-heptane/air mixture with 
thermal inhomogeneities is simulated for four cases, with two different mean temperatures and two levels of thermal stratification. 
Results of the CFD-CMC solver are in excellent agreement with the DNS for cases which exhibit the spontaneous sequential ignition 
mode whereas for the case in which a mixed mode of deflagration and spontaneous ignition exist, the results are not satisfactory. 
Further investigation using the DNS data demonstrates that the first order closure is not accurate to model the situations in which 
deflagration mode is dominant. 
 
Keywords: Conditional Moment Closure, Thermal Stratification, HCCI. 
 

 

1. Introduction 
Recently, homogeneous charge compression 

ignition (HCCI) combustion has become a topic of 
intense interest due to its potential for high efficiency 
and low emissions relative to diesel and spark-ignition 
engines [ 2]. However, one of the main challenges in 
developing HCCI engine is controlling the auto-
ignition timing, particularly during transients, and the 
rate of heat release, particularly at high loads [ 3 ]. 
Because of the importance of temperature in 
autoignition processes, thermal stratification has a huge 
impact on both these parameters, as well as being an 
important influence on pollutant formation.  

Ignition characteristics of HCCI combustion have 
been investigated experimentally [2,3] and numerically 
using direct numerical simulation (DNS) [1, 4 ], 
flamelet-based models [5,6] and multi-zone approaches 
[ 7 , 8 ]. In the present study, a premixed combustion 
model based on the concept of conditional moment 
closure (CMC) [9] is developed to model ignition under 
conditions of HCCI combustion. The motivation for 
this choice will be discussed later. The model is 
validated using the DNS data representing constant 
volume ignition of a lean n-heptane/air mixture with 
temperature inhomogeneities presented by Yoo et al. 
[1]. 

2. Conditional Moment Closure (CMC) 
Klimenko and Bilger [9] developed the CMC 

transport equations for non-premixed turbulent 
combustion. The main concept of the CMC approach is 
to significantly reduce the error of closure of mean 
reaction rates by conditioning on a variable upon which 
the thermochemical state mainly depends and which, 
preferably, itself is readily closed. The CMC method 
has been successfully applied to various non-premixed 
combustion systems [10,11]. However, relatively fewer 
studies have been performed using CMC to model 
premixed combustion [12,13]. The main challenge in the 
context of premixed flames is to choose an appropriate 
conditioning variable. In non-premixed flames, mixture 
fraction is usually chosen as a conditioning variable, 
whereas a variety of scalars have been proposed for 
premixed flames [12,14].  

HCCI is primarily a kinetically controlled mode of 
combustion, which is markedly different from spark 
and diesel engine combustion modes that involve 
mixing as a key rate limiting process. Since the charges 
in HCCI engines are nearly homogeneous, they both 
tend to ignite almost simultaneously and once ignited 
burn rapidly, so that there is very little time for mixing 
between unburned, burning and unburned regions. As a 
result, the combustion behaviour is determined mainly 
from the thermochemical state prior to ignition. 
Therefore, with an appropriate choice of conditioning 
variables to represent this state, conditional fluctuations 
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are expected to be small. In general, fluctuations of the 
state are likely to be due to heat transfer leading to 
temperature stratifications, imperfect fuel-air mixing 
leading to mixture fraction fluctuations, and imperfect 
residual-fresh gas mixing leading to fluctuations in both 
temperature and oxygen fraction. This study considers 
only the case of temperature fluctuations. In this case, 
enthalpy (chemical plus sensible) is the natural choice 
of a conditioning variable, since it encapsulates the 
strong effect of temperature while also not having a 
source term that exhibits significant spatial variations, 
as this would result in a closure problem for the 
conditioning variable.  

A normalised condition variable is defined as 
follows,  

minmax

min

hh
hh

−
−

=ξ , 

where minh  and maxh  correspond to minimum and 
maximum enthalpies in the computational domain, 
respectively. If the conditional mean and the Favre-
conditional mean of a given quantity ϕ  are shown with 

ξ
ϕ  and ,

ξ
ϕ  respectively, the conditionally Favre-

averaged mass fraction of species α  at time t and 
location x is defined as,  
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where αY  is the mass fraction of species α  and ρ  is 
the density.  

With the above definition, the species mass 
fraction equations can be recast into a set of CMC 
transport equations. The conditionally Favre-averaged 
mass fraction equations are readily derived, for 
example using the method presented in Ref. [12]. The 
cylinder charge is assumed to be statistically 
homogeneous, i.e. there is no statistical dependence of 
the local states on space other than that which is 
embedded in the conditioning variables. Under this 
assumption, the spatial term in physical space is 
ignored. Conditional fluctuations are also neglected as 
per the usual practice. Conditional mass fractions then 
evolve as: 
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αω is the chemical 

reaction rate and there is a convective velocity ξv  in ξ-
space which results from the source term of normalised 
enthalpy that is defined as, 
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where the source term is given by
Dt
DpS

ρ
1

=
1. 

1 Note that conduction effects on minh  and maxh have been ignored. 
They are expected to be small terms at high Reynolds number. 

If conditional fluctuations are small enough, the 
conditional reaction rates may be obtained using the 
first order CMC approximation, 

( )
ξαξαω pQQf T ,,= , (4) 

where p is the pressure and 
ξ

TQT = . 

This formulation reduces the computational costs 
remarkably compared with when the averaged species 
mass fraction equations are solved directly. This is due 
to the fact that the CMC equations, Eqn. 2, need to be 
solved on a one-dimensional CMC mesh while an 
approach that solves the mass fractions directly would 
require a three-dimensional CFD mesh. Since the 
spatial term has been neglected in equation 2 our 
formulation results in the same equations as the 
unsteady flamelet-based equations presented by Cook 
et al. [5]. Although it is a semantic point, in our view 
the CMC approach is more defensible in HCCI 
conditions since it does not rely on any assumed thin 
structure of the combustion fronts. 

3. Numerical Methods 

3.1 CFD-CMC solver  
The premixed CMC model is integrated into the 

open source C++ code known as OpenFOAM [15]. The 
governing equations include continuity, momentum and 
enthalpy equations [14] formulated in three-
dimensional physical space as well as one-dimensional 
transport CMC equations in ξ-space.  

 
Fig. 1: Schematic diagram of the solution algorithm. 

Figure 1 shows the schematic of the solution 
algorithm. As shown in this diagram, in each time step, 
the continuity, momentum and enthalpy equations are 
solved on the CFD grid. The scalar dissipation term, 

ξ
N , and convective velocity, 

ξv , are then calculated 

and passed to the CMC solver. Then, equation 2 is 
solved in ξ-space. Finally, Favre-averaged species mass 
fractions are obtained on the CFD grid using an 
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assumed Dirac delta PDF for the CFD-grid enthalpy 
and the Favre-conditional species mass fractions1. 

Equation 2 is a set of partial differential equations 
(PDE). Using an operator splitting (OS) [16] method, 
which separates the physical processes of diffusion, 
convection, and chemical reaction into discrete solution 
sub-steps, equation 2 is transformed into a number of 
ODEs. First order upwind and second order central 
finite differencing schemes are applied to discretise the 
convection and diffusion terms, respectively. 

3.2 Test cases studied  
DNS of ignition of a lean n-heptane/air mixture 

with thermal stratifications at a constant volume 
presented by Yoo et al. [1] were used to evaluate the 
performance of the CFD-CMC solver. In the DNS the 
solution was initialised with a uniform mixture 
composition field with equivalence ratio of 0.3 and 
pressure of 40 atm. To simulate different HCCI 
combustion modes, cases with random temperature 
distributions consisting of different initial mean 
temperatures with various levels of fluctuations were 
performed. Further details of the DNS initialisation and 
the computational grid can be found in Ref. [1]. A 58-
species reduced n-heptane/air chemical mechanism [1] 
was linked with OpenFOAM for the chemistry model. 
As shown in Table 1, four DNS cases were considered 
in our study. Figure 2 presents the initial temperature 
profile for case 3 with a temperature fluctuation 

KT 15=′ . At the conditions considered, the mean 
temperatures of 850 K and 934 K are in the negative 
temperature coefficient (NTC) regime and have the 
same homogeneous ignition delay time ( ms49.20, =igτ
) [1]. A uniform two-dimensional CFD grid of 160×160 
nodes was employed, compared with the DNS grid of 
640×640. The CMC grid included 101 equally spaced 
points in the normalised enthalpy domain, ξ . 

Table 1: physical parameters of the DNS cases. 

Case ( )KT0  ( )KT ′  
1 850 7.5 
2 850 15 
3 934 15 
4 934 100 

 

 
Fig. 2: Initial temperature distribution for case 3. 

1 A non-trivial PDF is not required in the present case owing to the 
limited range of scales available in the DNS. It is expected that a 
standard form of the PDF such as a beta function would be applicable 
in more practical cases. 

3. Results 
Figure 3 shows the temporal evolution of mean 

pressure obtained from the CFD-CMC solver in 
comparison with the DNS data for all cases. The time is 
normalised by the homogeneous ignition delay time      
( ms49.20, =igτ ). As can be seen, the premixed CFD-
CMC solver predicts the DNS results well for cases 
with small temperature inhomogeneities (cases 1, 2 and 
3), whereas in case 4 with large temperature 
inhomogeneities, ignition occurs earlier when the CMC 
equations, equation 2, are used for the combustion 
model. As discussed in Yoo et al. [1], two modes of 
combustion, i.e. spontaneous and deflagration, are 
present in premixed subsonic combustion. In the 
deflagration mode, reaction front propagation is 
specified by the balance between reaction and diffusive 
transport. In contrast, in the spontaneous mode, the 
propagation of the reaction front results from a cascade 
of ignition events, then the reaction fronts often 
propagate at a much higher speed. Hence, identification 
of the controlling mechanism for the front propagation 
is important. Yoo et al. [1] shows that cases 1-3 exhibit 
the spontaneous mode, whereas in case 4, deflagration 
contributes significantly to the heat release rate. 

 
Fig. 3: Temporal evolution of the mean pressure (lines) compared 

with the DNS data (symbols). 
To investigate the reason for disagreement in case 

4 in which deflagration mode is present, the conditional 
closures appeared in equation 2 are examined using the 
DNS data. For this purpose, two different methods are 
used. In the first method, conditional dissipation rate, 

ξ
N , and convective velocity, 

ξv  are evaluated 

directly using the DNS data. The PDF of the 
normalised enthalpy, ξ, is also obtained from the DNS 
data. As a result, the CFD solver is not used. Using this 
method, the conditional reaction rates are computed 
using equation 4. Figure 4 presents a comparison of the 
temporal evolution of the mean fuel mass fraction 
against the DNS data. As can be seen, the agreement 
between the results given by the first method (solid 
line) and the DNS data (circle symbol) is still not 
satisfactory; however, they agree well with the results 
from the CFD-CMC solver. This result suggests that 
the accuracy of the conditional dissipation rate and 
convective velocity given by the CFD solver is not the 
cause of differences between the CMC model and 
DNS, and therefore the conditional reaction rate term 
needs more investigation. In a second test, the 
conditional reaction rates are also computed using the 
DNS data. The results (dashed line) are again presented 
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in Fig. 4. As can be seen, equation 2 is now closed 
using the DNS data. Considering that the only 
difference between these two tests is that the 
conditional reaction rate is treated with a first order 
approximation in the first test and without 
approximation in the second test, the tests demonstrate 
that assuming the conditional reaction rate as a function 
of the conditional mean variable (

ξα pQQ T ,, ) is not 
acceptable for case 4. 

 
Fig. 4: Temporal evolution of mean fuel mass fraction for case 4. 

To investigate this further, a scatter-plot of fuel 
mass fraction versus normalised enthalpy (i.e. the 
conditioning variable) using the DNS data for cases 3 
and 4 are presented in Fig. 5. The plots are shown at 

22,igt τ=  where 2,igτ  is the time when the maximum 
heat release occurs. The case with KT 15=′  exhibits 
minima scatter and as a result conditional fluctuations 
are small. On the contrary, in case with KT 100=′  
conditional fluctuations are significant. This is a result 
of the increased importance of deflagrative modes of 
combustion - once initiated, a deflagration can 
propagate over regions with various enthalpies, 
generating significant conditional fluctuations as it 
goes. The K 100=′T  case therefore reveals a 
limitation of the first order CMC approach. Second 
order closure or double conditioning may be needed to 
improve results in this case. It is noted however, that 
temperature fluctuations of the order of 100 K would 
not be expected under typical HCCI operating 
conditions [17]. 

 
Fig. 5: Scatter plot of fuel mass fraction versus enthalpy for a) case 3 

with KT 15=′  and b) case 4 with KT 100=′ . 

4. Conclusion  
A CMC model for premixed HCCI combustion 

was presented. The model was applied to four DNS 
modelling ignition cases of a lean n-heptane/air mixture 
with two different mean temperatures within the NTC 

region and different levels of thermal stratification. The 
results of cases with small temperature inhomogeneities 
( K15 and 7.5=′T ) show excellent agreement with the 
DNS data, however, the results for the case with large 
temperature fluctuations (case 4) are not satisfactory. 
Further examination of the CMC equations showed that 
these equations are closed if all terms are obtained from 
the DNS data. It was also shown that the first order 
CMC assumption is not valid in the case with large 
thermal stratification ( K 100=′T ). This was due to the 
fact that both spontaneous and deflagration modes are 
present in this case and therefore, alternatives such as 
using a second conditioning variable, a second order 
closure, or a perhaps hybrid model with elements of 
premixed flame modelling, may be required for such 
cases.  
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Abstract 
A design of an in-line mixer for a plug-flow reactor (PFR) at the University of Melbourne is presented. The mixer operates in 

turbulent flow to allow rapid mixing of fuel/nitrogen mixture with the cross-flow air. Computational Fluid Dynamics (CFD) 

simulations are performed to compare the mixing efficiency for the orifice plate with two other common mixing approaches: internal 

and external injection. From the numerical results, the orifice plate is demonstrated to be better than the other two approaches by a 

wide margin. Besides the efficiency, other parameters have been taken into account for the design of the orifice plate, including 

pressure drop, material stress and manufacturing feasibility. 

 

Keywords: Plug-Flow Reactor, Mixer, Orifice plate, CFD 
 

 

1. Introduction 

With the declining supply of conventional light 

crude oil, production of liquid transport fuels 

increasingly relies on non-conventional oil sources (e.g. 

oil sands and shale oils) as well as alternative fuels (e.g. 

biofuels). Gaseous fuels, including natural gases and 

liquid petroleum gases (LPG), have also found 

increasing use in various types of combustion engines. 

Understanding the combustion chemistry of these new 

fuels and their blends with conventional fuels are 

essential for using these resources to the best advantage. 

 

A fundamental combustion experiment using a plug 

flow reactor (PFR) is currently under design at the 

University of Melbourne, for investigating fuel 

autoignition chemistry at temperatures and pressures 

representative of engine conditions. As a key process in 

internal combustion engines, autoignition largely depend 

on fuel chemical composition e.g. [1]. Plug flow reactors 

have been used to study combustion mechanisms over 

past 40 years [2-4,8]. Compared to other experiments, 

PFRs allow detailed species concentrations 

measurements at steady state conditions and provide 

well defined boundary conditions for kinetic modelling. 

Outcomes of this experiment have been widely used to 

understand reaction chemistry to validate combustion 

mechanisms [5].   

 

This paper reports the design for a key component in 

the PFR, the fuel/air mixer.  The overall design 

considerations are first presented which is followed by 

detailed computational fluid dynamics (CFD) 

calculations for comparison of several design options. 

 

1.1 Design considerations 

 

The reactor is designed for studying autoignition 

chemistry of conventional and alternative fuels at 

pressures up to 50 bar and temperatures up to 1000 K.  

 

The primary design consideration is to match the 

residence time of the gases in the reactor with the 

reaction time. Iso-octane oxidation in air was used as a 

reference to benchmark the reaction time, using the plug 

flow reactor model in Chemkin [6] and the LLNL 

mechanism [7]. At an equivalence ratio of Φ=0.05, the 

reaction times were determined based on 100% iso-

octane consumption at the end of the reactor length 

(prescribed as 1000 mm). Matching the flow residence 

time with this reaction time, the total mass flow rates 

were then determined for a prescribed reactor diameter 

of 25 mm. Based on these calculations and flow rates of 

the available air compressor, the minimum and 

maximum flow of 12 g/s and 60g/s were decided for 50 

bar operation. The Reynolds number at these flow rates 

were well above 10,000, ensuring turbulent flow in the 

reactor.  

 

1.2 Mixture preparation and mixer requirement 

 
The fuel and air are preheated separately prior to 

mixing. The air is heated to the reaction temperature, e.g. 

1000 K; the fuel is pre-vaporized by hot N2 and then the 

fuel/N2 mixture is kept at an intermediate temperature to 

prevent both fuel condensation and pyrolysis, e.g. at 550 

K. This “heating-first mixing-later” approach allows 

rapid preparation of the fuel and air to the reaction 

temperature, minimising reactions during the mixture 

preparation stage compared to the alternative “mixing-

first heating-later” approach. However, proper design of 

the mixer is critical for the chosen approach and rapid 

and thorough mixing must be achieved. Three designs 

have been explored, the performance of which are 

examined using CFD calculations.  
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2. CFD Simulations 

Existing PFR can be classified by their mixer into 2 

categories: external injection as at Pennsylvania State 

University [4] and internal injection as at Princeton and 

Drexel Universities [3,8]. Figure 1 shows the geometry 

of each setup in which mixing of the two gases is carried 

out. Only the 12g/s case, where the velocity is lowest 

and the mixing time is longest [9], is modelled as the 

worst case scenario. 

 

 
Figure 1: Schematic drawing of an external (top) and internal 

(bottom) injection system. 

 

2.1 Flow model and parameters 

 
Simulations were performed using Comsol 

Multiphysics [10], with the k-ω selected for modelling 

the turbulence. Species mixing mechanism is driven by 

diffusion with coefficient DN2→air = 0.0357 cm
2
/s and the 

Schmidt number equal to 0.2 [11]. Due to the low 

concentrations of the fuel, the fuel/N2 stream is modelled 

with pure N2 for simplicity. 

 

2.2 Validation and verification 

 
The numerical modelling was verified by simulating 

the experiments of Smith in [12], with the results given 

in Figure 2. Because Smith uses a cross flow of air to air 

rather than nitrogen to air, the assumption that the 

experimental diffusion of the jet was related to acetone 

(tracer in the experiments) into air was made. Thus, 

Smith’s value of the diffusivity coefficient is used, 

(Dacetone→air = 0.119 cm2/s) while the Schmidt number is 

kept unchanged. The simulated jet trajectory and the 

concentration profiles agree favourably with experiment. 

The kidney shape can be observed in both experiment 

and simulation. 

 

 
Figure 2: Comparison of Smith's experiments and Comsol 

calculations for (a) tracer concentration along the cross jet 
(top - experiment, bottom - calculation) and (b) tracer 

concentration at the cross section of the cross flow 200 mm 
downstream of the jet (left – experiment, right - calculation). 

 

2.3 Internal and external injections  

 

Configurations of the internal and external injections 

have both been optimised in terms of the number and the 

diameter of the nitrogen jets, using theory and empirical 

correlations [13-16], This optimisation process resulted 

in 4 nozzles of 0.343 mm diameter each for the external 

injection and 4 nozzles of 0.457 mm diameter each for 

the internal injection. The length of both domains is 

fixed to 100 mm and start from an initial radius of 8.7 

mm to finish at a radius of 12.5 mm in the diffuser. Due 

to their axisymmetry, 3 symmetry planes have been used 

resulting in modelling 1/8 of the entire domain for each 

model. The 3D computational mesh is unstructured and 

consists of approximately 500 tetrahedral elements/mm
3
. 

The geometry is meshed such that the grid size was 

smallest at the nozzle tip and gradually increases in the 

jet downstream direction. 
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The results of the simulations are shown in Figure 3, 

showing the normalised concentration at different planes 

along the devices. The presence of jets emerging from 

the holes (plane “A”) can be clearly seen. It can also be 

observed that both jets travel in the longitudinal direction 

toward the outlet (plane “D”). As it flows through the 

mixer, the jet width increases. In the external injection 

case (Figure 3 - top), the jet is centred in the cross flow 

of air.  

The kidney shape however is not dissipated 

throughout the entire length of the domain and can still 

be observed on the plane “D”. In the internal case 

however (Figure 3 - bottom), because the jet is over-

penetrating (over-shooting) and impingement on the 

outer wall can be observed, the disappearance of the 

kidney shape is more clear.  

 

 
Figure 3: Contour plot of mixing region at various axial 

locations for external injection (top) and external injection 
(bottom). 

 

 

The maximum and minimum normalised 

concentrations shown in Figure 3 are defined as 

fm

fm

c

cc max
 and  

fm

fm

c

cc min
 

where maxc and minc  are the maximum and minimum 

nitrogen concentrations on the plane, and fmc is the 

nitrogen concentration for fully mixed conditions. The 

concentrations range from +16% to -0.3% for the 

internal injection and from +15% to -10% for the 

external injection, indicating a better performance for the 

former case. However, high fuel concentrations appear 

near the wall. It was recognised that this problem might 

be improved if the injection height of the fuel was set 

lower so that the jet plume is closer to the centre of the 

flow passing the injection cone. However, in this case, 

the kidney shape will be less dissipated and so the 

improvement is not expected to be substantial.  

 

2.4 Orifice plate  

2.4.1 Overall design 

 

To substantially improve mixing, a greater number 

of smaller injector holes was considered. This leads to 

the orifice-plate design. In order to obtain improved 

mixing efficiency, it is desired that each nozzle would 

distribute the same mass flow rate of nitrogen. For that 

purpose, choked flow is used where the nitrogen is 

pressurised to 2 times of the air pressure (e.g., N2 

pressure set to 100 bar when the reactor is operating at 

50 bar).  

 

Besides mixing, other design parameters are 

considered. To avoid excessive consumption of nitrogen 

during the experiment, the nozzles are laser drilled with 

a diameter < 0.1 mm. Also, to avoid large pressure drop 

across the plate, the air orifice diameters are chosen so 

that the total pressure loss through the plate does not 

exceed 1 bar [16]. Since the plate is subjected to severe 

pressure and temperature gradients, an austenitic 

refractory stainless steel (253MA) is chosen for its high 

temperature creep strength and high resistance to 

corrosion and oxidation. FEA simulations indicate 

extended lifetime of the plate under the designed 

operating conditions.  

 

The resulting orifice plate is depicted in Figure 4. 

The plate is drilled with 21 × Ø1.75 mm holes, evenly 

distributed over the disc surface, through which air flows 

along the longitudinal axis. The disc includes 4 × Ø1 

mm inlet through holes, extending radially from the 

centre of the disc to the outer surface, allowing nitrogen 

to exit via 12 holes with < 0.1 mm diameter, parallel to 

the air holes. Having the same number of air holes 

surrounding each nitrogen nozzle allows an equal 

distribution of air over the nitrogen jets, while using the 

more air holes near the wall avoids high fuel 

concentrations near the tube wall.  

 

 

 
Figure 4: Orifice plate schematic and simplification method 

for CFD computation 
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2.4.2 CFD calculations  

 

Figure 4 shows the computational domain for the 

orifice plate. The large number of nozzles made it 

feasible to model 1/48 of the orifice plate. This results in 

a domain having the dimensions 1.58 × 1.58 × 23.7 mm. 

The nitrogen jet is prescribed to be sonic. Due to the 

smaller domain, the mesh is unstructured and consists of 

approximately 6000 tetrahedral elements/mm
3
.  

 

Figure 5 shows the cross sectional normalised 

concentration at distances of 1 mm (“A”), 8 mm (“B”), 

15 mm (“C”) and 22 mm (“D”) downstream of the plate. 

It shows a more homogeneous nitrogen concentration, 

less than ±0.02% of the fully mixed value, before the end 

of the domain. With nitrogen being injected around the 

centre of the plate, the risk of impingement in the 

surrounding wall, as seen in the internal injection case, is 

reduced. This results in a shorter distance to accomplish 

a homogeneous mixture, thus reducing of the mixing 

time. 

 

 
Figure 5: Contour plot of mixing region at various location 

within the orifice plate. 

 

 

Figure 6 represents the log-scale evolution of the 

normalised concentration along the domain length of 

each design. By taking into account that the length of the 

domain is reduced to 23.7 mm, 4 times less than the 

internal and external approaches, the overall mixing 

process is substantially improved. 

 

 

 
Figure 6: Evolution of concentration range along the device 

length. 

3. Conclusions 

A design is reported for a mixer used to prepare the 

fuel and air mixtures in a plug flow reactor. CFD 

calculations were used to explore three design options. 

Two more conventional designs utilising cross flow 

injections were first explored and significant non-

uniform concentrations were present downstream the 

injection. An orifice plate with multi-point sonic 

injections was then designed, which achieves a large 

improvement in mixing compared to the two other 

designs.  
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Abstract 

Transported probability density function (TPDF) methods are well suited to modelling turbulent reacting flows due to their 

closure of the highly non-linear chemical source term. One of the barriers to the deployment of such methods is the modelling of the 

unclosed molecular mixing term. In order to close this term a "mixing model" is introduced, which needs to account for the transport 

in composition space caused by molecular diffusion. This study examines three of the most widely used mixing models: the 

Interaction by Exchange with the Mean (IEM), Modified Curl's (MC) and Euclidean Minimum Spanning Tree (EMST) models. The 

simulation scenario was a one-dimensional, non-premixed, turbulent jet flame burning an ethylene fuel stream that featured both 

extinction and reignition. The TPDF results were compared against Direct Numerical Simulation (DNS).  The DNS were used to 

provide the necessary inputs to the model directly: they provided the initial conditions, as well as the time-varying mean velocity, 

mixing frequency and turbulent diffusion coefficient fields, thus eliminating uncertainties associated with turbulence modelling. This 

study finds that only the EMST model correctly predicts the reignition event, while both the IEM and MC models under predict the 

reignition.  

 
Keywords: transported probability density function, nonpremixed, mixing, DNS, particle method 

 

1. Introduction 

Typical applications of non-premixed combustion 

include aviation gas turbines, diesel engines and 

industrial burners. Modelling of such flames is difficult 

due to the strong coupling between the chemistry and 

turbulence which occurs over a large range of length 

and time scales.  

Transported probability density function (TPDF) 

methods [1,2] provide a tractable means of modelling 

these types of flames. The principle behind TPDF 

modelling is that the single point statistics and 

thermochemical state variables of the flow can be 

evaluated by solving transport equations for the joint 

probability density function of these quantities. These 

transport equations are applied to a large ensemble of 

notional stochastic particles which represent one-point, 

one-time samples of the fluid.  

The greatest advantage of the TPDF method is that 

the nonlinear chemical source appears in closed form 

[1,3], thus eliminating a major source of uncertainty in 

the modelling. A major obstacle for TPDF methods is 

realistically accounting for the effect of the molecular 

mixing term, which is unclosed in the TPDF 

formulation. Models used to close this term are referred 

to collectively as "mixing models" [4,5].  

This study will compare three of the most widely 

used mixing models against a DNS data set. The three 

models tested were: the Interaction by Exchange with 

the Mean (IEM) [6], the Modified Curl's (MC) [7,8], 

and the Euclidean Minimum Spanning Tree (EMST) 

[9] models.   

These models were implemented within a 

Composition TPDF (C-TPDF) method [10] which 

solves a transport equation for the joint PDF of the 

scalar variables (species mass fractions and enthalpy) 

within the flow. This method requires inputs of the 

mean velocity field, turbulent diffusion coefficient, and 

turbulent mixing frequency. A common method to 

provide these quantities is to use a two equation model 

such as the k-  model. However, in this study they will 

be extracted directly from the DNS [11], thereby 

eliminating the turbulence modelling as a potential 

source of error. Chemical kinetic and thermodynamic 

models for the TPDF method are kept identical to the 

DNS, which eliminates yet more sources of error when 

compared to a test against experimental data.  

2. Simulation Scenario  

The DNS simulated a temporally evolving, 

turbulent plane-jet flame. The full details of the 

simulations are given in Ref. [11], and only a brief 
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description will be given here to help orient the reader. 

The DNS was initialised with a three-dimensional 

planar slab of ethylene fuel in counter flow with 

oxidiser streams on either side. A small turbulent 

velocity fluctuation was imposed at the initial time 

which generated the instabilities in the shear layer 

between the fuel and oxidant streams.  

The Damköhler number (    is the ratio of the 

chemical to mixing timescales and is defined as, 

          , where    is the extinction scalar 

dissipation rate and      is the jet time, which is defined 

as      
 

 
 , where   is the jet height and   is the 

characteristic jet velocity. The DNS had a Damköhler 

number of 0.23, which was sufficiently low to cause 

extinction. As mixing rates relaxed at later times in the 

simulation, reignition was observed.   

This configuration is statistically one dimensional, 

and allows for ensemble averaging in both the 

streamwise and spanwise directions, leaving a 

statistical dependence on the transverse direction, ŷ, 

and the time, t. The ensemble average is performed on 

a mass (Favre) basis.  

3. Solution Methods  

3.1 Modelled Transport Equations 
The TPDF model is based on a Reynolds-Averaged 

Navier-Stokes (RANS) formulation and the turbulence 

closure is provided directly from the Favre-averaged 

DNS data. 

Stochastic differential equations, (1) and (2), are 

solved for each notional particle.  

  (      ̃    ̃     √   ̃    
 

(1) 

  (               (2) 

Equation (1) represents the transport in physical 

space and is composed of deterministic and stochastic 

components. The deterministic component,   ̃  
  ̃    , accounts for the transport due to the mean 

velocity field  and gradients of the turbulent diffusion 

coefficient. The stochastic component, √   ̃   , is a 

Weiner process that models transport by turbulent 

fluctuations [10]. Equation (2) represents the change in 

composition space by molecular mixing, [M], and 

chemical reaction, [R]. The mixing term, [M], is the 

focus of this study. The chemical reaction term, [R], is 

solved using a 6-stage, 4
th 

order Runge-Kutta numerical 

method [12]. The equations were supplemented with 

the thermodynamic equation of state and the ideal gas 

law (assuming constant pressure).  

Equations (1) and (2) represent three coupled 

processes: advection, molecular mixing and chemical 

reaction. A symmetric Strang's splitting scheme [13] is 

used to solve equations (1) and (2) by subdividing each 

time step into partial time steps in which each process 

(transport, mixing and reaction) can be evaluated 

individually. This scheme is denoted as TMRMT 

[10,14] where each letter represents a sub-step. T 

represents transport in physical space, M, molecular 

mixing and R, chemical reaction.  

In order to solve the transport sub-step, T, the 

turbulent diffusivity coefficient, ΓT, and the mean 

velocity field were required. The mixing substep, M, 

required the input of the mixing frequency,    . To 

reduce potential modelling errors, these three inputs 

were extracted directly from the DNS.  

The turbulent diffusivity is defined as    
   ̃  ̅ ̃ ̃

 ̅  ̃
, where v is the velocity, Z the mixture fraction 

and   is the density. The mixing frequency,    , is 

taken from the DNS as    
  ̃

    ̃ 
 where     ̃  is the 

Favre-averaged variance of the mixture fraction and   ̃ 

is the Favre-averaged scalar dissipation.  The scalar 

dissipation is defined as,   ̃    |  | ̃ , where   is the 

mass diffusivity of N2.  

3.2 Numerical Parameters 
The C-TPDF method was implemented using a 

hybrid particle-mesh approach. An Eulerian mesh was 

populated with Lagrangian particles, which evolved 

according to equations (1) and (2).  

 The key numerical parameters in this study were 

the number of cells (     ) , the number of particles per 

cell (    ) and the timestep per iteration      . All 

results presented in this study are based on simulations 

using 2000 particles per cell, 288 cells and   
         timestep. A sensitivity analysis was 

undertaken and these values were deemed more than 

sufficient for the purposes of this study.  

3.3 Initial and Boundary Conditions 
As there are no initial composition fluctuations, the 

TPDF simulation is initialised with Favre-averaged 

thermo-chemical, turbulence, and mean flow 

information from the DNS [11]. 

Boundary conditions are only required in the cross-

stream (y) direction due to the statistical one-

dimensionality of the flame. The left boundary is a 

symmetry boundary corresponding to centre of the fuel 

stream. The right boundary is an outflow to the system 

and allows particles to leave the domain.  

4. Results and Discussion 

4.1 Mixture Fraction  
Figure 1 shows the mean mixture fraction profile 

for case 1. All three models perform similarly, correctly 

predicting the mean mixture fraction profile at both 45 

and 74 jet times. The similarity between the models 

when predicting the mean mixture fraction profile is 

expected since the mixing process does not affect the 

mean mixture fraction within a computational cell. 

These results provide confidence that the DNS data has 

been correctly processed and the transport model for 

the particles is valid.  

Figure 2 presents the mixture fraction RMS 

profiles. Again, all models perform similarly, correctly 
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predicting the mixture fraction RMS profiles at both 

times to within 10% of the DNS values. The results 

demonstrate that the mixing frequency input is being 

processed correctly from the DNS and that the 

implementation of the mixing models is correct.  

 

 

Figure 1. Mean mixture fraction comparison between mixing models 

and DNS at 45 and 74 jet times. 

 

Figure 2. Mixture Fraction RMS comparison between mixing models 

and DNS at 45 and 74 jet times. 

4.2 Extinction and Reignition 
An important test for the mixing models is whether 

they can qualitatively predict the extinction and 

reignition events. Figure 3 compares the TPDF 

simulations to the DNS. 

Only the EMST correctly captures the reignition 

event. The MC and IEM models both fail to predict the 

reignition with the MC model performing marginally 

better than the IEM.  

4.3 Conditional Statistics 
Figure 4 presents the temperature PDF conditional 

on mixture fraction. The DNS conditional PDF shows a 

bimodal distribution with two distinct branches, one 

burning and one extinguished. The EMST model does 

not replicate this bimodal behaviour and produces an 

extremely narrow, mono-modal PDF with no 

observable extinguished branch. The IEM and MC 

models both can produce the bimodal behaviour, at 

least qualitatively. However, both models are overly 

weighted towards the extinguished branch which 

results in these models significantly under predicting 

the temperature when compared to the DNS. 

4.3 Mixing Constant Study  
A parametric study was undertaken for   , which 

is the ratio of the hydrodynamic timescale  to the scalar 

mixing timescale. Instead of generating the mixing 

frequency as described in Section 3.1, the mixing 

frequency was modelled as      
 

 
 . Modelling the 

mixing frequency using the turbulent kinetic energy,  , 

and the turbulent dissipation,  , is the normal practice 

since the scalar dissipation (  ) is not known before a 

simulation. Both   and   can be obtained by solving a 

two equation model as mentioned in Section 1, 

however in this study both   and   were extracted from 

the DNS to reduce modeling errors. 

 

Figure 3. Extinction and reignition in the domain as visualised by 

temperature. The DNS (bottom right) shows that reignition begins 

around 25 jet times and should be ignited fully by 45 jet times. 

 

Figure 4. Probability density function of temperature conditioned on 

mixture fraction at 45 and 74 jet times. The black line represents the 

conditional mean of the DNS, for reference purposes. 

Figure 5 shows the temperature fields for the best 

case simulations for each model. Both the IEM and MC 

have both reignited when using     . The EMST 

model, being most resistant to global extinction, 

required a lower    value (     ) to achieve 

reignition and to qualitatively match the DNS.  

Figure 6 compares the mixture fraction variance (Z 

RMS) profiles for the best case    values against the 

TPDF simulations using the DNS extracted scalar 

dissipation (  ).  This figure shows that adjusting    in 

order to achieve reignition results in some departure in 

the Z RMS profiles for the IEM and MC models when 

compared with the DNS and the mixing frequency 

based on the scalar dissipation rate. However the 

departure is small (particularly at 74 jet times) and is 

therefore an acceptable tradeoff. This behaviour is 

consistent with previous studies of flames that featured 

high levels of extinction [4,15]. The EMST model 

predicts the Z RMS profiles closely and the 

temperature field appears to match both the DNS and 

the simulations based on the scalar dissipation. This 

demonstrates that the EMST model is the least sensitive 
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to changes in the mixing constant    compared to the 

IEM and MC models.  

   

Figure 5. Temperature fields for    variation.  

 

Figure 6. Z RMS plots for the mixing models comparing best case 

   values against the scalar dissipation (  ) definition for mixing  

frequency.  

5. Conclusions 

A comparative evaluation of the IEM, MC and 

EMST mixing models was performed in the context of 

a RANS C-TPDF simulation. This C-TPDF simulation 

was compared against a DNS of an ethylene planar-jet 

flame. In order to test the models’ performance with the 

minimum number of model assumptions, mixing 

frequency, velocity and turbulent diffusivity coefficient 

fields were taken from the DNS as inputs for the C-

TPDF method. Thus, only the errors in the mixing 

models or the turbulent transport model are present. 

 The EMST was capable of quantatively predicting 

the temperature field, when scalar dissipation was 

determined from the DNS mixture fraction gradients. 

The IEM and MC models could not achieve reignition 

when given the DNS scalar dissipation input. Both 

models significantly over predicted the extinction when 

using the scalar dissipation based mixing frequency.  

When considering conditional statistics, the EMST 

model fails to produce the correct behaviour. The 

EMST model produces a mono-modal PDF with very 

little conditional variance. The IEM and MC models 

achieve qualitatively better results in predicting the bi-

modal behaviour of the flame, however both models are 

weighted heavily to the lower (extinguished) branch.  

A study of the mixing constant was performed and 

it was shown that the IEM and MC models performed 

best with    equal to 3. This shows that reignition 

could be achieved through adjustment of the mixing 

constant. As a result of this adjustment the Z RMS 

profiles exhibited a departure from the DNS. The 

EMST model performed best at    equal to 2 and could 

qualitatively match the DNS when comparing the 

temperature fields. The EMST model was significantly 

less sensitive to variations in     and required the least 

adjustment to match the DNS. 

For flames that feature extensive extinction the 

EMST is recommended despite its deficiencies when 

considering the conditional variances. The reduced 

sensitivity to the model parameters such as   , give the 

EMST model a distinct advantage when compared 

against the other models.  

Finally, the results demonstrate that the C-TPDF 

method can provide accurate predictions despite the 

challenging nature of this flame.   
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Abstract 
Gasification fly ash is a by-product of the coal gasification process. To achieve “zero emissions” from coal gasification 

technology, the environmentally safe utilization of fly ash by-products from gasifiers must be addressed and development. In this 

study, work has been carried out to determine the reactivities of two fly ashes with different residual carbon contents, which were 

obtained from an industrial circulating fluidized bed (CFB) gasification system. Isothermal and non-isothermal thermogravimetric 

(TGA) experiments at carbon dioxide atmosphere were used to explore gasification reactivities. A comparative investigation of fly 

ashes and slowly pyrolyzed char (SP char) obtained from the same raw coal was also conducted. The samples were characterized with 

XRD and BET study. The results proved the fly ashes to be more reactive than the SP char, and the fly ash with higher carbon content 

is more reactive than the lower one. The higher reactivities of fly ashes could be attributed to their small pore sizes, high surface areas 

and low graphitization degree. 

 
Keywords: fly ash, gasification reactivity, fluidized bed. 
 

 

1. Introduction 

 

Fluidized bed gasification is attracting considerable 

interest worldwide [1-3]. Some advantages of fluidized 

bed gasification are that it can use bigger particle sizes; 

has a wider adaptability to a range of solid fuels; can use 

poor quality coal feed stocks (high sulphur content and 

low calorific value); operates at moderate temperatures 

(800 
o
C-950

o
C) and therefore emits lower amounts of 

nitrogen and sulfur compounds. The lower operating 

temperature however also brings about the problem of 

high amounts of residual carbon in the fly ash [4,5]. 

Carbon in fly ash is the major determinant of gasification 

efficiency in circulating fluidized bed gasifier, which is 

not only an important parameter for the operation of 

gasifier, but also for the quality of fly ash as a 

commercial product. An elevated content of carbon is a 

considerable factor limiting application of fly ash [6]. 

Solving the problem of fly ash with high carbon is 

particularly important for high ash coals, as large 

quantities of ash are formed when using them. 

Low-grade, low-rank Shigouyi bituminous coal is 

gasified in a design capacity of 240 t/h circulating 

fluidized bed (CFB) gasifier to produce industrial gas, in 

NingXia of china. Gasification fly ash is an inevitable 

by-product of coal gasification, and the content of carbon 

in fly ash varies from 15 to 30%, depending on 

operational parameters and feed quality. Gasification is 

becoming a technology of choice in the drive towards 

“zero emissions”, which includes the reduction and 

utilization of solid residues [7]. Minimizing the amount 

of carbon loss can reduce the amount of ash produced as 

well as increase process efficiencies. Therefore, a 

comprehensive understanding as to the gasification 

reactivity of the residual carbon in fly ash is required. 

This can be achieved by detailed research about the 

structure and gasification properties of fly ash.  

The presence of carbon in fly ash is a result of 

incomplete gasification of the chars which originate after 

the initial devolatilisation of the coal fed to the gasifier. 

Kelebopile investigated the reactivity of high carbon fly 

ash obtained from a circulating fluidized bed gasification 

system with a thermogravimetric (TGA) analyzer, and 

found that the char prepared in the laboratory at the 

lowest pyrolysis temperature was the most reactive [5]. 

Matjie conducted a detailed investigation into the 

chemical, physical, and mineralogical attributes of 

coarse gasification ash, and observed that a high 

proportion of the unburned carbon in the ash occurs as 

discrete particles [8]. Wagner addressed the 

characterization of the discrete unburned carbon particles 

present in coarse gasification ash and provided possible 

reasons for their presence in the ash [7]. Senneca studied 

the reduction of the residual unburnt carbon contained in 

fly ash from PC-fired boilers by reburning and/or 

beneficiation [9]. Ahmaruzzaman discussed the 

utilization of fly ash in construction, as a low-cost 

adsorbent for the removal of organic compounds, flue 

gas and metals, mine back fill and zeolite synthesis [10]. 

To date, many studies have been done on the combustion 

fly ash. Nevertheless, the gasification reactivity of 

gasification fly ash has not yet been fully reported. 

This paper investigated the gasification reactivity of 

two fly ash samples obtained from the 240 t/h industrial 

CFB gasifier, in an attempt to consider the necessity of 

re-injecting the fly ashes to the gasifier for further 

gasification. Isothermal and non-isothermal 

thermogravimetric (TGA) experiments at carbon dioxide 

atmosphere were carried out to explore samples 

reactivities, and the results were compared with slowly 

pyrolyzed char derived from the same raw Shigouyi 

bituminous coal. The samples were characterized with 

XRD and BET study. This work is of great significance 
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to propose effective solution for the utilization of 

gasification fly ashes and optimize the process and 

operating parameters of CFB gasifier. 

2. Experimental 

2.1 Materials and Characterizaiton 
 

In this study, Shigouyi coal and two fly ashes were 

used as raw materials. Proximate and ultimate analyses 

are given in Table 1. Shigouyi coal is low grade lignite 

from Ningxia. Fly ash A and fly ash B were obtained 

from a 240 t/d CFB gasifier for the preparation of 

industrial gas with shigouyi coal as feed stock at 

different operating conditions. The particle size 

distribution of fly ashes is shown in Fig.1. d50 of fly ash 

A is about 69.7 um and fly ash B is about 47.3 um. The 

slowly pyrolyzed Shigouyi char (SP char) was prepared 

in a horizontal tube furnace with heating rate of 20 
o
C/min from room temperature to 900 

o
C and then stayed 

for 5 min at N2 atmosphere. X-ray diffraction (XRD) 

patterns of samples were measured with Rigaku 

D/max2500 diffractometer with CuKa radiation at 40 kV 

and 80 mA, by step-scanning method. BET surface area 

and pore structure were analyzed with Tristar II 3020 M 

using nitrogen sorption at 77 K. 

2.2 Reactivity Measurements 
 

The used TGA analyser was a STA-449F3 model 

supplied by Netzsch Instruments Company (Germany), 

which could handle samples at atmospheric pressure up 

to 1550 
o
C. About 10 mg sample was dispersed on an 

alumina crucible for each run.  

The non-isothermal experiments were carried out at 

heating rate of 10 
o
C/min, 20 

o
C/min, and 30

 o
C/min to 

1050 
o
C, with binary mixtures consisting of Ar flow of 

20 mL/min and CO2 flow of 130 mL/min. The 

isothermal experiments were carried out at heating rate 

of 20 
o
C/min to the set temperature and then stayed for 5 

min with Ar flow of 150 mL/min. Subsequently, Ar flow 

was adjusted as binary mixtures consisting of Ar flow of 

20 mL/min and CO2 flow of 130 mL/min, and lasted for 

one hour. The isothermal gasification temperatures (T) 

were set at 900 
o
C, 950 

o
C, 1000 

o
C, and 1050 

o
C, 

respectively. At the final stage of each experiments, the 

reaction gases were adjusted as ternary mixtures 

consisting of Ar flow of 20 mLmin, CO2 flow of 100 

mL/min, and O2 flow of 30 mL/min, in order to burn out 

the residual carbon. 

2.3 Evaluation Procedure  
 

The carbon conversion and specific rate are defined by 

Eqs. (1) and (2).  

 
(1) 

 

(2) 

Where x is the carbon conversion, Δm is the mass loss 

of the char, m0 is the initial mass of the char, Ad is the 

mass of ash in the char, Vd is the mass of volatile in the 

char, r represents the specific rate, and t is the reaction 

time. All the mass parameters can be read from the 

thermogravimetric curves. 

3. Results and Discussion 

3.1 Non-isothermal experiments 
 

Non-isothermal experiments were performed to 

illustrate the relative reactivities of fly ashes. Fig. 2 

shows the TG/DTG curves of fly ash A and fly ash B 

with heating rate of 10 
o
C/min. It can be seen that fly ash 

B shows higher weight loss and faster weight loss rate 

than fly ash A, which could be attributed to the higher 

carbon content in fly ash B. Fig. 2 also show that the 

initial reaction temperatures of fly ash B is much lower 

than fly ash A. such an observation is further confirmed 

by non-isothermal experiments as shown in table 2. it 

can be seen that, at different heating rates, fly ash B 

always show lower maximum weight loss rate 

temperatures and lower initial gasification reaction 

temperatures, which indicates that fly ash B is much 

more reactive than fly ash A. 

 
Fig. 1 Particle size distribution of fly ashes 

Table 1 Proximate and ultimate analyses of Shigouyi coal and fly ashes 

Samples 
Proximate analysis /% 

 
Ultimate analysis /% 

Mad Aad Vad FCad 
 

Cad Had Oad Sad Nad 

Shigouyi coal 4.7 25.49 27.16 42.65 
 

53.14 3.26 10.67 2.02 0.72 

Fly ash A 0.26 80.82 1.54 17.38 
 

20.04 0.42 -3.01 1.36 0.11 

Fly ash B 0.16 67.22 1.72 30.90 
 

32.96 0.28 -1.98 1.2 0.16 

ad air dry basis, FC fixed carbon, V volatile matter, A ash, M moisture 

 =
Δm

𝑚0(1 − 𝐴 −  )
 

𝑟 =
1

1 −  
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Fig.2 TG/DTG curves of fly ashes with heating rate of 10 oC/min   

Table 2 Temperatures corresponding to the maximum weight loss 
rate and initial gasification reaction 

Heating 

rate 
oC/min 

Fly ash A  Fly ash B 

Tmax/
 oC Ti/

 oC  Tmax/
 oC Ti/

 oC 

10  953 844  875 809 

20  985 870  895 832 

30  990 882 
 

900 851 

Tmax: corresponding temperature of maximum weight loss rate, Ti: 

initial gasification temperature 

3.2 Isothermal experiments 
 

Figure 3(a) and 3(b) depicts the isothermal 

gasification results of fly ash A and fly ash B, 

respectively. With the increase of gasification 

temperature, notable increase of carbon conversion was 

observed.  In particular, at 900
 o

C and 950 
o
C, the 

carbon conversion is slowly increased and then reached 

complete conversion during the                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

reaction process. Further increasing the gasification 

temperature to 1000
 o

C and 1050 
o
C, the carbon 

conversion is dramatically increased and reacted to 

completion as evidenced by the data leveling off at 

almost full conversion. A further investigation was 

carried out by gasifying SP char and the results are 

shown in Fig. 3(c). It can be seen that SP char did not 

reach full conversion after reacting at 900
 o
C or 950 

o
C 

for 1h, demonstrating incomplete conversion of SP char 

at lower gasification temperatures. Moreover, the 

carbon conversions of SP char are always lower than 

that of fly ashes at different gasification temperatures.  

Table 3 shows the maximum reaction rates of 

isothermal gasification processes. Clearly, increasing 

the gasification temperature from 900 
o
C to 1050 

o
C 

can rapidly increase the maximum reaction rate from 

11.84 min
-1

 to 38.05min
-1

 for fly ash A, and from 13.31 

min
-1

 to 48.87 min
-1

n for fly ash B, whereas slowly 

increases from 1.87 min
-1

 to 15.52 min
-1

 for SP char. 

The above results indicate that fly ashes are more 

reactive than SP char, and fly ash B is more reactive 

than fly ash A. 

The typical curves of specific rates versus carbon 

conversion are shown in Fig. 4. In the early period of 

gasification, the specific rates increase as the carbon 

conversion increases. This phenomenon may be the 

result of the pore development including one or all of 

the following processes: (1) opening of the previously 

closed pores, (2) creation of new pores, and (3) 

enlargement of previously existent and new pores. For 

fly ashes, the specific rates rapidly increase to reach the 

peak and then slowly decrease when gasification 

temperature are at 900 
o
C and 950 

o
C. However, the 

different trends of specific rates at 1050 
o
C are found. 

The specific rates increase rapidly in the early period 

and then slowly in the subsequent stage from 20% to 

80%, and then decrease quickly. Fig. 4 also shows that 

the specific rates of fly ash B are obviously higher than 

fly ash A, which could be attributed to the higher 

content of carbon in fly ash B. For SP char, the specific 

rates at different gasification temperatures are always 

quite low. Obviously, fly ashes are more reactive than 

SP char.  
 

 

 

 

 
 

Fig.3 The effect of temperature on gasification reactivity of fly ash A 
(a), fly ash B (b), and SP char (c) 

Table 3 Maximums reaction rates of samples during isothermal 

gasification 

Samples 
(dx/dt)max /min-1 

900 oC 950 oC 1000 oC 1050 oC 

Fly ash A 11.84 15.2 26.94 38.05 

Fly ash B 13.31 22.33 35.78 48.87 

SP char 1.87 3.27 6.93 15.52 
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Fig.4 The effect of gasification temperature on specific rate, fly ash A 

(a), fly ash B (B) and SP char (c) 

3.3 Sample characterization 

 
Fig.5 XRD patterns of fly ash A, fly ash B, SP char and Shigouyi 

coal. 

Table 4 Pore size and BET of samples 

samples Pore size/nm BET/ (m2/g) 

Shigouyi coal 14.15   3.02  

Fly ash A 5.62  39.37  

Fly ash B 5.26   61.38  

SP char 11.72   4.49  

 

Figure 5 compares the powder X-ray diffraction 

(XRD) patterns of samples. The 002 and 100 peaks of 

SP char are very sharp due to the growth of graphitic 

microcrystallites, which is associated with its lower 

gasification reactivity. The higher reactivities of fly 

ashes can also be attributed to their small pore sizes and 

high surface areas as shown in table 4. 

3. Conclusions 

 

Non-isothermal and isothermal TGA experiments 

both indicate that fly ash with higher residual carbon 

content presents higher reaction rate and reaction 

activities than that with lower carbon content. 

Comparative investigation between fly ashes and 

SP char was also conducted. The higher reactivities of 

fly ashes could be attributed to their small sizes, small 

pore sizes, high surface areas and low graphitization 

degree. 

Fly ashes obtained from 240 t/d industrial 

circulating fluidized bed gasifier have relatively high 

gasification reactivities, which would be beneficial to 

re-injection for further gasification. 
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Abstract 
Co-gasification of coal and biomass has several advantages over gasification of biomass or coal individually. Biomass is CO2 neutral 

and environmental sustainable, which can be used to offset the environmental impact caused by the coal. On the other hand, coal has 

much higher energy density, which can be used to lower the high biomass transportation cost. A study has been conducted on the 

influence of co-gasification of coal and biomass on the performance of a 100kW dual fluidised bed (DFB) steam gasifier. In the 

experiments, inert silica sand was used as the bed material and the operating temperature in the bubbling fluidised bed reactor (BFB) 

was controlled at 800°C while that in the fast fluidised bed reactor (FFB) was maintained at 850°C. Radiata pine sawdust was blended 

with lignite and pelletised into pellets, with pine to lignite mass proportion being controlled at 20%, 30%, 40% and 100%. From the 

results, the non-linear relationship of producer gas yield and producer gas composition as a function pine proportion in the wood-

lignite pellets as feeding solid fuel has clearly shown a synergy effect of the blending. The H2/CO ratio decreased asymptotically from 

2.4 to 1.0 with the proportion of pine in the fuel increase from 0% to 100%. In addition, the total tar content and tar yield increased 

from 2.7 to 9.0 g/Nm3
 dry gas and 2.3 to 6.6 g/kgdry fuel, respectively, with the increase of proportion of pine to wood-lignite pellets. The 

optimum H2/CO ratio of two for FT synthesis can be achieved by using the blended fuel with 60% wood and 40% lignite pellets 

without using catalytic bed material or the increase of gasification temperature over 800°C.  

 
Keywords: Steam gasification, Dual fluidised bed, Lignite, Biomass. 
 

 

1. Introduction 

 

Gasification technology has been attracted increasing 

attention due to the advantages of high conversion 

efficiency and flexibility in converting solid fuel, such as 

coal and biomass, into producer gas for combined heat 

and power generation using a gas engine or a gas turbine. 

In addition, the producer gas can also be used for 

downstream applications, such as fuel cells, Fischer-

Tropsch (FT) or dimethyl ether (DME) synthesis of 

liquid fuel. Biomass is widely available in New Zealand, 

however, untreated biomass generally has a low density 

and is costly to transport over a long distance [1], 

making large-scale plants running on pure biomass 

economically unviable. The economic returns of biomass 

to energy plants can be improved by mixing coal into the 

biomass feedstock for a feasible scale of plant. In 

addition, when coal is added to biomass, interactions 

between the coal and biomass can change the reaction 

kinetics of the overall gasification process [2]. Such 

interaction is due to the catalytic effect of the metals in 

coal and biomass ashes. This effect can enhance the 

reactivity of the chars, reduce the tar yield and increase 

the agglomeration temperature of the bed material [3]. 

Many investigations have been reported on co-

gasification of coal and biomass in bubbling fluidised 

bed gasifiers (BFB) [4-7] or in fixed bed gasifiers [4, 8, 

9] under various environments (steam/N2/O2/air). 

However, information on co-gasification of coal and 

biomass in DFB gasifiers is limited [3, 10, 11]. Also, 

majority of published studies on the co-gasification of 

biomass and coal have treated the coal and biomass as 

separate fuels with separate feeding systems [8, 11]. The 

study of Aigner et al. [11] found no synergy effect was 

observed in the blend of coal particles and wood pellets 

at gasification temperature of 850°C. On contrary, Seo et 

al. [10] has reported that maximum synergetic effect was 

found in the 50:50 blend of sawdust and coal at the 

gasification temperature from 750 to 900°C. The 

synergetic effect was believed to be due to large surface 

area and pore volume of the blended chars [10]. 

When coal particles are blended with wood pellets or 

sawdust, these two feedstocks may remain being 

uniformly mixed in the gasifier as the densities of the 

coal particles (1400 kg/m
3
 [10]) and the wood pellets 

(1200 kg/m
3
 [12]) are similar. However, when the coal is 

blended with sawdust (density of 384 kg/m
3
 [10]), these 

two feedstocks would segregate once fed into the gasifier 

due to the significant difference in the densities. 

Nevertheless, in both cases, the density and 

microstructure of the coal chars are significantly 

different from those of the wood chars, irrespective of 

original form of the wood (pellets or sawdust). The 

density difference of the coal chars and the wood chars 

caused further segregation during the fluidisation in the 

BFB where both chars were gasified separately [2]. 

Therefore, in the present study, the coal and biomass are 

premixed and then pelletised into pellets to ensure 

uniform mixture of coal and biomass during the 

gasification process and minimise any segregation of the 

two mixtures. The feedstock preparation would allow the 

research to study the synergetic influence of blending the 

lignite and the biomass during the steam gasification 
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process in a DFB gasifier in terms of producer gas 

composition and tar content. 

2. Experiments and Materials 

 

The schematic diagram of 100 kW DFB steam 

gasifier at the University of Canterbury for the present 

study is shown in Fig. 1. The gasifier consists of a BFB 

gasification reactor with steam as the fluidisation agent 

and a fast fluidised bed (FFB) combustion reactor 

fluidised with air. The BFB has an internal diameter of 

0.2 m with a height of 2 m and the FFB has an internal 

diameter of 0.1 m with a height of 3.7 m.  
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Fig. 1. Schematic of the operation of the dual fluidised bed steam 
gasifier used in this study. 

In the experiment, the solid fuel was fed via a screw 

auger from the fuel hopper into the bubbling bed layer of 

the BFB, approximately 0.13 m above reactor base. In 

order to prevent the undesired back flow of the producer 

gas to the feeder, approximately 5 L/min of N2 was 

introduced into the hopper throughout the experiment, 

which is corresponded to 1-2% of the producer gas yield. 

In the experiments, the solid char and the bed material at 

the base of the BFB were transferred hydraulically 

through the inclined chute to the FFB in which the char 

was combusted with air. Supplementary liquefied 

petroleum gas (LPG) was added to achieved the set 

temperature of the bed material at around 850-900°C if 

required. The primary combustion air was supplied at the 

base of the FFB and was also used to fluidise the solid 

material for it to be in good contact with the secondary 

combustion air, which was introduced 200 mm above the 

primary air nozzles. The bed material was fluidised 

upwards by the flue gas and was eventually carried out 

of the FFB into the FFB cyclone, where the heated bed 

material was separated from the combustion flue gas. 

The bed material was then delivered back to the BFB 

through the siphon to provide heat for the endothermic 

gasification reactions. Both the chute and the siphon 

were fluidised with superheated steam at a flow rate of 2 

kg/hr to enhance the bed material flow and to prevent 

cross-flows of gases between the FFB and the BFB.  

The producer gas generated from the gasification 

reactions flew out of the BFB at the top together with 

some entrained fine particles of char, ash and bed 

materials were then separated from the producer gas in 

the BFB cyclone. Samplings of the producer gas and tars 

through a 3 mL Supelclean LC-NH2 solid phase 

extraction (SPE) column were conducted at the sampling 

port located after the BFB cyclone. The producer gas 

samples were analysed using an Agilent 3000 micro-gas 

chromatography (GC) with a thermal conductivity 

detector (TCD). The tar extraction method in the present 

study was adopted from the study of Brage et al. [13]. 

For the tar analysis, a Varian CP-3800 GC with a flame 

ionisation detector (GC-FID) was used in which the tar 

samples were separated in a 50% phenyl and 50% 

dimethylpolysiloxane fused silica capillary column of 30 

m × 0.25 mm × 0.25 µm with VarianVF-17ms. Details 

of the producer gas and tar analysis procedures can be 

found elsewhere [14]. 

The fine particles were collected in the trap collector, 

which could be emptied during the gasifier operation if 

needed. At the same time, equal amount of fresh bed 

material was introduced into the gasifier system through 

the sand charger located at the middle height of the FFB 

to compensate the lost bed material during the 

experiment. In the current study, the producer gas was 

incinerated in an afterburner. 

The operation conditions of the experiments are 

given in Table 1. The bed material used in the present 

study was silica sand with an average particle size of 245 

μm and a particle density of 2600 kg/m
3
. The solid fuels 

tested for the gasification experiments in the present 

study were mixed and pelletised biomass (radiata pine, 

P) and lignite (L) with different weight fractions of 

0P:100L, 20P:80L, 30P:70L, 60P:40L and 100P:0L. The 

lignite was sourced from Southland, New Zealand, while 

the pine sawdust was sourced from a local wood 

processing plant. The biomass-lignite pellets had 

dimension of 7 x 20 mm while the 100% lignite run used 

supplied lignite (without pelletising) with particle size of 

1-8mm. The 100% wood pellets, which dimensions (6 x 

15 mm) were slightly smaller than those of the lignite 

coal, were supplied from local wood pellet plant. The 

proximate and ultimate analysis of each fuel is given in 

Table 2. The X-ray fluorescence (XRF) analysis of the 

major elements present in the ash of each fuel is 

presented in Table 3. 

 

Table 1. The operating conditions of the experiments. 
Total bed material inventory (kg) 

Average FFB temperature (°C) 

30 

850 
Average BFB temperature (°C) 

Steam to BFB (kg/hr) 

Steam to fuel ratio (kg/kgdry) 
Primary air flow rate (Nm3/hr) 

Secondary air flow rate (Nm3/hr) 

800 

10 

0.9-1.5 
6 

64 
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Table 2. The proximate and ultimate analysis of each fuel used in the experiments. 

 

Particle size (mm) 

Proximate, wt% 

Total moisture 

Volatile matter 

Fixed carbon 
Ash 

Ultimate, wt% 

Carbon 
Hydrogen 

Nitrogen 

Sulphur 
Oxygen 

 

 

Method 

ISO 5068/11722 

ISO 562 

By difference 
ISO 1171/ASTM D1102 

(dry basis, ash free) 

ISO 12902 
ISO 12902 

ISO 12902 

ASTM D4239 
By difference 

0P:100L 

1-8 

 
34.6 

32.9 

28.3 
4.2 

 

68.4 
4.9 

0.7 

0.8 
25.2 

20P:80L 

7x20 

 
21.5 

47.7 

26.8 
4.0 

 

60.1 
5.3 

0.5 

0.6 
33.6 

30P:70L 

7x20 

 
24.3 

48.5 

23.9 
3.3 

 

58.7 
5.4 

0.5 

0.5 
35.0 

60P:40L 

7x20 

 
20.2 

59.0 

18.9 
1.9 

 

55.4 
5.8 

0.4 

0.2 
38.1 

100P:0L 

6x15 

 
8.0 

77.4 

14.2 
0.4 

 

51.6 
5.9 

0.2 

<0.1 
42.3 

LHV (MJ/kg)  14.4 16.2 15.3 15.1 17.3 

Table 3. XRF analysis of the major element (wt%) present in the ash 

for each fuel 

Compound 

(wt%) 

SiO2 

Al2O3 
Fe2O3 

CaO 

MgO 
Na2O 

K2O 

TiO2 
Mn3O4 

SO3 

P2O5 

0P:100L 

 

24.8 

3.7 
15.1 

30.1 

4.3 
0.4 

0.1 

0.2 
0.4 

20.3 

>0.1 

20P:80L 

 

37.4 

1.7 
16.4 

22.1 

3.2 
0.6 

1.2 

0.1 
0.3 

15.8 

0.8 

30P:70L 

 

36.3 

2.0 
16.2 

22.3 

3.4 
0.7 

1.7 

0.1 
0.3 

15.3 

1.0 

60P:40L 

 

30.9 

1.9 
23.5 

20.3 

3.2 
1.0 

1.6 

0.2 
0.4 

15.6 

1.0 

100P:0L 

 

20.5 

4.7 
2.7 

24.4 

9.0 
1.8 

21.5 

0.3 
1.9 

3.5 

5.1 

3. Results and discussion 

 

In this study, the blended solid fuel of lignite and 

radiata pine wood at various proportions was tested at 

constant gasification temperature of 800°C with the 

steam to fuel ratio (S/F) between 0.9 and 1.0. The results 

for the effect of wood proportion on the producer gas 

composition are shown in Figs. 2 and 3. In the figures, 

each data point represents an average of three repeatable 

measurements. From Fig. 2, it can be seen that the H2 

concentration decreased asymptotically from 53% to 

33% as the pine fuel loading was increased from 0% to 

100%. However, the CO concentration increased 

asymptotically from 24% to 35% while the CO2 

concentration decreased from 19% to 16% with the 

corresponding change in wood proportion in the feeding 

fuel. On the other hand, the CH4 increased from 5% to 

12% as the pine fuel loading was increased from 0% to 

100% as shown in Fig. 2.  

The asymptotically relationship of the addition of 

pine to the wood-lignite pellets in the present study has 

clearly shown a synergy effect on the producer gas 

composition. If there is no synergy effect between the 

lignite and the pine, the producer gas composition is 

expected to increase linearly with the lignite proportion, 

which is shown in the study of Aigner et al. [11] where 

no synergy effect was observed in the blend of coal 

particles and wood pellets. Interestingly, the producer 

gas composition in the present study was found to be 

similar to that of Aigner et al. [11] who used the 

gasification temperature of 850°C and catalytic bed 

material (calcined olivine) as compared to the present 

study in which 800°C was used as the gasification 

temperature and silica sand used as the bed material. 

This synergy effect could be resulted from the 

interaction between fine lignite particles and sawdust 

within the pellet.  

It is observed that the ratios of H2/CO decreased 

significantly from 2.4 to 1.0 as the pine proportion was 

increased from 0 to 100%. The decrease in H2/CO was 

resulted from the decrease in H/O ratio [15] and the 

increase in H/C ratio in the fuel. From these findings, the 

optimum H2:CO ratio of two for FT synthesis of liquid 

fuel can be achieved by using a fuel of 40% pine.  

 

Fig. 2. The dry producer gas composition of H2, CO, CO2 and CH4, 

(mol.%) varying with relative proportion of pine (wt%) in the fuel. 

Figure 3 shows the influence of pine ratio in the 

wood-lignite pellets on the lower heating value (LHV) of 

the producer gas, the producer gas yield and the cold gas 

efficiency. Here, the producer gas yield (Nm
3
dry gas/kg dry 

fuel) is represented as the producer gas volumetric flow 

rate (Nm
3

dry gas/hr) normalised by the dry fuel feeding 

rate (kgdry fuel/hr) while the cold gas efficiency was the 

chemical energy content in the producer gas divided by 

the total input energy, including the energy in steam, 

feed fuel and supplementary LPG. For the calculation of 

cold gas efficiency, approximately 25% of the total input 

energy was lost as estimated from the equipment 

surfaces due to the high surface area to volume. The 

LHV of the producer gas increased from 10 to 13 

MJ/Nm
3
 with the pine proportion due to the increase in 

CH4 and the light hydrocarbons compositions. On the 

other hand, the producer gas yield and the cold gas 

efficiency decreased with the pine proportion in the fuel 

from 0.92 to 0.75 Nm
3

dry gas/kgdry fuel and 62% to 55%, 

respectively.  

Figure 4 shows the effect of pine proportion in the 

wood-lignite pellets on the total tar concentration in the 

producer gas and the tar yield. The tar yield (g/kgdry fuel) 

is represented as the total tar concentration in the 
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producer gas (g/Nm
3

dry gas) multiplied by the producer 

gas yield per unit mass of dry feed fuel (Nm
3
/kg). The 

total tar concentration increased from 2.7 to 9.0 g/Nm
3
 as 

the pine proportion was increased from 0% to 100%. 

Interestingly, the total tar concentration for 20P:80L and 

30P:70L was found similar to the 0P:100L. The tar yield 

increased from 2.3 to 6.6 g/kgdry fuel with the increase of 

pine proportion in the fuel. Opposite trend was observed 

in the study of Aigner et al. [11] where the gravimetric 

tar was decreased with the increase of wood feeding rate 

while the GCMS tar content was constant.  

 

Fig. 3. The influence of pine on the lower heating value (LHV) of the 

producer gas, the producer gas yield and the cold gas efficiency. 

 

Fig. 4. Effect of pine on the total tar content in the producer gas and the 

tar yield. 

In this study, the increase in total tar content and the 

tar yield with the increase of pine occurred due to the 

increase in the abundance of complex polymers found in 

biomass such as cellulose, hemicellulose and lignin. The 

bonds in those polymers are relatively weak [16] and can 

degrade easily into volatiles and tar compounds during 

the pyrolysis. The oxygen rich cellulose and 

hemicellulose form primary tars and monoaromatics 

formed from lignin [17]. These primary tars then 

subsequently can be converted to secondary and tertiary 

tar compounds in the presence of steam at high 

temperature [18]. On the other hand, dense polycyclic 

aromatic hydrocarbon bonds, which are resistant to heat, 

are found in coal [16]. Therefore, less tar content and tar 

yield were found in the present study for 0P:100L 

compare with 100P:0L (Fig. 4). 

The tar content and tar yield of the 20P:80L was 

found to be lower than that of 0P:100L while the tar 

yield of the 30P:70L was found to be similar to that of 

0P:100L. This could be due to the highly porous char 

with the presence of high calcium (Ca) and iron (Fe) 

concentrations in the ash (Table 3), which were 

considered to contribute to the catalytic activity [19].  

4. Conclusions 

 

The non-linear relationship of producer gas yield and 

gas compositions as a function pine proportion in the 

wood-lignite pellets as feeding solid fuel has clearly 

shown a synergy effect of the blending. Such effect was 

not observed in the literature for co-gasification of 

blends of coal and biomass. The synergetic effect was 

also observed on the tar content and tar yield and this 

could be resulted from the highly porous char with the 

presence of catalytic metals. Furthermore, the optimum 

H2/CO ratio of two for FT synthesis can be achieved by 

using the blended fuel with 60P:40L pellets without 

using catalytic bed material. However, the pelletising of 

the feed fuel needs further investigation on the economic 

viability at large-scale gasifier plants to produce FT 

liquid fuel considering the benefits (synergy effect), the 

additional cost associated with the pelletising as well as 

the issue with the entrained fly char in the producer gas. 
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Abstract 
The effect of activated carbon on the yields and the composition of the pyrolysis liquid and gases of a pine sawdust was 

investigated. The pine sawdust was pyrolysed in a fixed bed reactor at 550oC, 700oC and 850oC without and with activated carbon 

being placed down-stream of the pyrolysis process to moderate the heavy volatile components. Generally, with increasing the 

pyrolysis temperature, the biochar and pyrolysis liquid yields decreased, whereas the pyrolysis gas yield increased. The liquid yield 

decreased while the gas yield increased when the activated carbon was used. The concentration of oxygenated aromatics in the 

pyrolysis liquid increased at 550oC and700oC but decreased at 850oC with the use of the activated carbon. The concentrations of 

hydrogen and carbon monoxide in the pyrolysis gas significantly increased while the concentrations of carbon dioxide and methane 

remained unchanged with the use of activated carbon.  

Keywords: activated carbon, biomass, pyrolysis gas, pyrolysis liquid 

 

 

1. Introduction 

Pyrolysis liquid from biomass has long attracted the 

attention of many researchers since the liquid was seen 

as a potentially promising fuel for its high energy density 

and easy transportation [1]. However, the liquid contains 

high oxygenated hydrocarbons and a significant amount 

of water from both original moisture in the feedstock and 

reaction water during the pyrolysis process [2]. The 

pyrolysis liquid is not stable as the high oxygenated 

compounds readily undergo secondary reactions such as 

poly-recondensation and polymerisation [3] and the 

reactions can continue during storage of the liquid [4]. 

Therefore, maximising the yield of the pyrolysis gas 

from biomass pyrolysis offers an alternative means to 

provide cheap, clean and renewable fuel. The pyrolysis 

gas, mainly a mixture of hydrogen, carbon monoxide, 

and methane[5], can be burned in gas engines for 

combined heat and power (CHP) productions, which can 

be applied in remote off-grid areas.It  has been found 

that temperature has a crucial effect on the yield of 

pyrolysis liquid and gas. During pyrolysis of pine 

sawdust in a fluidised bed reactor between 400
o
C and 

600
o
C, it was found that the maximum pyrolysis liquid 

yield was at 500
o
C and the gas yield increased with 

temperature [6]. Shen and Zhang [7] found that the 

condensable gas decreased and non-condensable gas 

increased with increasing temperature during pyrolysis 

of sewage sludge and putrescibles garbage. 

Catalytic pyrolysis of biomass has a promising route 

of producing renewable energy fuel. During pyrolysis of 

woody biomass, NiMo/Al2O3 catalyst has been reported 

to lower the pyrolysis temperature in producing clean 

combustion gas mainly composed of H2, CO and low 

molecular weight hydrocarbons [8]. Passing pyrolysis 

vapours through a bed of activated carbon and alumina at 

a temperature above 300
o
C had been reported to increase 

gas yield and reduce pyrolysis liquid yield, possibly due 

to the cracking mechanisms [9]. It has been reported that 

when pyrolysis vapours of pinewood passed over a hot 

char at temperatures between 500 and 800
o
C, the amount 

of condensable phase decreased while the non-

condensable gas increased[10]. 

This paper reports a preliminary study into the effect 

of activated carbon on the yields of pyrolysis products 

and the composition of pyrolysis liquid and gas during 

pyrolysis of a pine saw dust at different pyrolysis 

temperatures in a fixed bed reactor. The results will shed 

light on the possibility to enhance the yield of the 

pyrolysis gas as a source of renewable energy. 

2. Experimental 

2.1 Materials  

The raw material used was pine sawdust (~ 2mm) 

obtained from WA & J King Pty Ltd. The properties of 

the materials are shown in Table 1.The sawdust was 

dried and stored in an oven at 106
o
C over 24 hours prior 

to use. A bed of activated carbon was also used in the 

experiments. The activated carbon was dried and stored 

in an oven at 106
o
C for at least 24 hours. 

 
Table 1 Proximate and ultimate analysis of the Pine sawdust  
Proximate analysis Wt% Ultimate analysis wt% 

Moisture (a.r) 10.9 C (d.b) 47.67 

Volatile matter(d.b) 85.5 H (d.b) 3.32 

Ash (d.b) 0.5 S (d.b) 0.02 
Fixed carbon (d.b) 13.96 GCV(MJkg-1) 17.36 
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Figure 1 Biomass pyrolysis experimental setup 

2.2 Pyrolysis process 

Figure 1 shows the experimental setup of the biomass 

pyrolysis. Biomass (20 g) was transferred to a stainless 

steel basket prior to the experiments. The furnace was 

heated, and once it reached the required temperature, the 

reactor was lowered into the furnace and purged with 

nitrogen at a flow rate of 5 Lmin
-1

 for 15 minutes. After 

15 minutes, the basket loaded with the biomass was 

inserted into the heating zone of the reactor and the 

pyrolysis started. For experiments using activated 

carbon, 15 or 25 g of activated carbon was placed down-

stream of the pyrolysis process to moderate the heavy 

volatile components produced. The final effluent was 

first cooled using an ice condenser and an ice/acetone 

condenser and then washed by water. The pyrolysis 

volatiles with the boiling point higher than the 

ice/acetone mixture temperature were condensed and the 

non-condensable gases were collected using gas bags for 

subsequent analysis. Experiments were conducted at 

550
o
C, 700

o
C and 850

o
C without and with activated 

carbon, respectively and each experiment lasted for 1 

hour. 

The pyrolysis liquid was recovered from the 

condensers by washing it with a minimum amount of 

High Performance Liquid Chromatography (HPLC) 

grade dichloromethane (Cl2CH2). The CH2CL2 soluble 

parts were collected, dried over anhydrous potassium 

carbonate and transferred to a round bottom flask. The 

solution was evaporated under vacuum at 40
o
C until a 

constant mass was reached. The liquid was stored in 

sealed vials at -16
o
C until it was used for analysis. 

 

2.3 Analysis 
Gas Chromatography Mass Spectrometry (GC-MS) 

was used to analyse the compositions of the pyrolysis 

liquid and gas. All GC-MS analyses were carried out 

using an Agilent 7890 GC fitted with a 5975 MSD. The 

column was a HP Ultra 1 (cross-linked methyl siloxane). 

Compounds were identified by comparing the mass 

spectra with the National Institute of Standards and 

Technology (NIST) library. 

3. Results and Discussion 

3.1 Yield of pyrolysis products 

Figure 2 shows the effect of activated carbon on the 

yield of pyrolysis products of the pine sawdust at 

different pyrolysis temperatures. The figure shows that 

generally with increasing pyrolysis temperature, the 

biochar and pyrolysis liquid yields decreased, while the 

pyrolysis gas yield increased without and with the 

activated carbon. The increase in the pyrolysis gas yield 

by increasing pyrolysis temperature could be due to a 

combination of secondary cracking of pyrolysis vapours 

and secondary decomposition of the biochar in the 

reactor[11]. The maximum pyrolysis liquid yield was 

achieved at 550
o
C in the pyrolysis without activated 

carbon, which is in accordance with previous works on 

the pyrolysis of pine woods, although the works were 

conducted in different reactor systems [6, 12].  

Adding activated carbon had a direct effect on the 

yields of the pyrolysis liquid and gas. Generally, the 

liquid yield reduced while the gas yield increased by 

passing the pyrolysis vapours through the activated 

carbon. Furthermore, increasing the activated carbon 

amount from 15 g to 25 g resulted in a dramatic 

reduction in the pyrolysis liquid yield and an increase in 

gas yield at all pyrolysis temperatures. Increasing the 

amount of activated carbon increased the height of the 

bed, hence increased the contact time between the 

volatile matter and the activated carbon, leading to a 

higher degree of cracking of pyrolysis vapours to 

produce more gas and less pyrolysis liquid[9]. 

 
Figure 2 Pyrolysis product distributions of the pine sawdust 

   without and with activated carbon 
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Table 2 Concentrations (wt %) of key components of pyrolysis liquid as identified by GC-MS
 Pyrolysis Temperature, oC 

Compounds Without Activated Carbon  With Activated Carbon  

 550 700 850 550 700 850 

Oxygenated Aromatics 15.98 17.69 28.22 55.23 42.22 19.14 

   Phenols 4.15 6.77 22.49 36.94 29.60 10.40 

   Guaiacols 9.13 0.11 0.00 11.58 0.00 0.00 
   Catechols 2.35 7.85 3.51 3.09 8.69 6.34 

    Anisoles 0.12 1.09 1.26 1.28 1.40 0.82 

    Resourcinols 0.00 1.17 0.96 2.35 2.11 1.37 
    Benzaldehydes 0.24 0.68 0.00 0.00 0.41 0.21 

Non-Oxygenated Aromatics 0.00 0.86 1.57 0.69 0.31 1.69 

Furans 11.03 5.55 2.46 10.32 5.74 3.31 

Cyclopentenes 0.67 1.02 0.27 3.97 0.62 0.53 

Cyclopentanes 1.86 1.20 0.22 4.17 1.35 0.71 

Naphthalenols 0.00 0.81 2.26 0.60 1.27 1.31 

PAHs 0.20 3.57 17.73 3.26 4.08 8.06 

Others 70.25 69.32 47.27 21.75 44.42 65.25 

   

3.2 Pyrolysis Liquid  
Table 2 shows the key components identified by GC-

MS, grouped into various subclasses oxygenated 

aromatics, non-oxygenated aromatics, furans, 

cyclopentens, cylcopentanes, naphthalenols and 

polyaromatic hydrocarbons (PAHs). The components 

presented in Table 2 were  only a fraction of more than 

200 components present in the pyrolysis liquid [13]. 

Identification of components in pyrolysis liquid is 

paramount in determining a suitable fractionation 

process and feasible applications of the liquid. High 

concentrations of oxygenated compounds in pyrolysis 

liquid cause instability of the liquid during storage and 

also the pyrolysis liquid containing the oxygenated 

compounds cannot be fractionated directly using 

standard distillation techniques [14]. 

Oxygenated aromatics include phenols, cathecols, 

guaiacols, anisoles, and resourcinols. Table 2 suggests 

that phenols and cathecols were the dominant 

oxygenated aromatic identified in the pyrolysis liquid. 

Adding activated carbon increased the concentration of 

the phenols at 550
o
C and 700

o
C. The highest 

concentration of phenol in the pyrolysis liquid with the 

use of the activated carbon at 550
o
C could be related to 

the breakdown of the lignin structure [15]. The liquid, 

which remained on the activated carbon surface, could 

undergo a longer residence time and exposure to heat, 

allowing the cracking reactions to occur. Since phenols 

are unlikely to decompose at 550
o
C, therefore the 

concentration of phenols would have been the highest at 

that temperature. At higher temperatures, however, it 

appears that the decomposition of phenols has increased. 

The yield of cathecols, without and with activated 

carbon, increased with increasing temperature from 550 

to 700
o
C and then decreased as the temperature was 

further increased. Higher concentrations of cathecols 

were observed by passing the pyrolysis vapour through 

the activated carbon. The resourcinols, anisoles and 

benzaldhydes were minor components of the oxygenated 

aromatics in the liquids at all temperatures. The observed 

trends of these compounds as a function of pyrolysis 

temperature are consistent with previous work [6, 16]. 

The concentration of guaiacols was only observed at 

550
o
C and adding activated carbon increased the 

concentration of guaiacols at that temperature. This is 

probably due to the fact that guaiacols were converted 

into phenols and cathecols by the dissociation of the 

weak O-CH3 bond [17]. 

From Table 2, the yield of furans decreased with 

increasing pyrolysis temperature for pyrolysis without 

and with activated carbon. The use of activated carbon 

had no impact on the concentration of furans in the 

liquid. The concentration of PAHs increased with 

increasing pyrolysis temperature. The higher 

concentration of PAHs at higher temperatures could be 

related to the rearrangement reactions of aromatic rings 

from the decomposition of phenols [18]. Similar to 

furans, adding activated carbon did not affect the 

concentration of PAHs. The present results show that 

pyrolysis liquid reached a maximum yield at 550°C. 

Increasing pyrolysis temperature and adding activated 

carbon as a catalyst decreased the yield of pyrolysis 

liquid. The work also suggests that the addition of 

activated carbon increased the concentration of 

oxygenated aromatics at lower pyrolysis temperatures.  

 

3.3 Pyrolysis Gas  
The pyrolysis gas produced during pyrolysis of the 

pine sawdust is mainly composed of H2, CO, CO2, CH4 

and a small amount of some light hydrocarbons, such as 

C2H4 and C3H6. Figure 3 shows the yields of the major 

gases produced from pyrolysis without and with 

activated carbon identified by GC-MS at different 

temperatures. Figure 3 presents that the concentrations of 

hydrogen in pyrolysis gas increased with increasing the 

pyrolysis temperature. During pyrolysis without 

activated carbon, hydrogen concentration was relatively 

low at 550°C. A significant increase of the concentration 

of hydrogen was observed as the temperature increased 

from 700°C to 850°C. These findings are in agreement 

with previous studies[19]. On the other hand, Figure 3 

showed that with the use of activated carbon, a 

significant increase in the hydrogen concentration was 

observed at all temperatures. Activated carbon seemed to 

be able to catalyse the cracking reactions of pyrolysis 

vapours to produce H2. It is also obvious that the 

catalytic reactions were more prevalent at higher 

temperature [8, 20]. 

From Figure 3, both in pyrolysis without and with 

activated carbon, the concentration of carbon monoxide 

increased slightly as the temperature increased from 

550°C to 700°C, then experienced a significant increase 

as the temperature continued to increase from 700°C to 
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850°C. It can be observed that the carbon monoxide 

concentration at 700°C and 850°C from pyrolysis with 

activated carbon was significantly higher than that 

without activated carbon, suggesting that the catalytic 

effect of activated carbon on carbon monoxide formation 

was more obvious at higher pyrolysis temperatures. 

The concentration of carbon dioxide gas in both 

pyrolysis without and with activated carbon firstly 

increased as the temperature increased from 550°C to 

700°C and then decreased as the temperature continued 

to increase. It is also seen that the concentration of the 

carbon dioxide did not change significantly with the use 

of the activated carbon. The result implies that the 

catalytic effect of activated carbon on CO2 production 

was insignificant. 

Lastly, Figure 3 shows that during pyrolysis without 

activated carbon, the concentration of methane increased 

as the temperature increased from 550°C to 700°C and 

then decreased as the temperature continued to increase. 

Whereas, when the activated carbon was used, the 

methane concentration decreased significantly with 

increasing the temperature from 550°C to 850°C. This 

suggests that the activated carbon addition enhanced 

methane production at low temperatures. It has been 

reported that at higher temperature, activated carbon 

catalysed the methane cracking to produce H2 and 

deposit carbon on the activated carbon surface [20].  

The present research shows that activated carbon can 

be used to increase the yield of pyrolysis gas, 

particularly the production of H2 and CO.  

 
Figure 3 The concentrations of the major gas components 

                   during pyrolysis of the pine sawdust 

4. Conclusions 

Activated carbon was found to have a significant 

effect on the yields and compositions of pyrolysis liquid 

and gas during pyrolysis of a pine sawdust in a fixed bed 

reactor. Adding activated carbon decreased the yield of 

pyrolysis liquid but increased the concentration of 

oxygenated aromatics in the pyrolysis liquid at low 

pyrolysis temperatures. There were no directly 

observable changes in the concentrations of furans and 

PAHs with the use of activated carbon. The pyrolysis gas 

was mainly composed of H2, CO, CO2, and CH4. 

Activated carbon enhanced the formation of H2 and CO, 

with the enhancement being more significant at high 

pyrolysis temperatures. Activated carbon also promoted 

the production of CH4 at low temperatures. 
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Abstract 
In order to assess the potential of gasification for the utilisation of algal biomass, the devolatilisation characteristics of a fresh 

water macroalga (Oedogonium sp.), a Victoria brown coal (Loy Yang) and their blends were investigated. The study indicated that 

Oedogonium sp. and Loy Yang coal exhibit quite different pyrolysis characteristics under the same pyrolysis conditions, the 

devolatization of Oedogonium sp. occurs mainly between 180-410 °C, while for Loy Yang coal pyrolysis occurs over a wider 

temperature zone. The effect of heating rate on the devolatilization characteristics of these two fuels was also studied; for heating rates 

of 10-40 °C /min it was found that pyrolysis shifts to higher temperatures as the heating rate increases for both fuels. There is no 

significant change in the residual mass for Loy Yang coal, however, the residual mass of Oedogonium sp. decreases slightly as the 

heating rate increases. The pyrolysis characteristics of blends of these two fuels were also investigated for different blending ratios. 

No interaction effects were observed to exist for the experimental conditions investigated. Based on this work, successful co-

gasification of macroalgae and coal is not expected to be impeded by limitations occurring during the pyrolysis stage. 

Keywords: Macroalgae, Oedogonium sp, Loy Yang coal, pyrolysis characteristics, heating rate, biomass/coal blends. 
 

 

1. Introduction 

 

Co-utilization of coal and biomass has gained 

increasing attention due to the possibility of decreasing 

the carbon footprint of conventional fossil fuel plants 

while at the same time leading to the high-efficiency 

utilization of relatively small quantities of biomass at 

large scale. Macroalgae, as one type of aquatic biomass, 

have a long history of use in the pharmaceutical, 

chemical and food industries [1]. More recently, new 

applications of macroalgae for waste-water treatment, 

CO2 abatement and energy production [1, 2] have 

received attention due to their short growth cycles, high 

production yield, and high rates of CO2 fixation, as 

compared to terrestrial biomass, and because the 

cultivation of macroalgae can be effective using low-

grade water on non-arable land [3].  

There are two classes of technology for the 

conversion of solid fuel to energy: thermo-chemical and 

bio-chemical [4]. Among the thermo-chemical 

conversion methods, pyrolysis is important since it is the 

first step in the processes of combustion and gasification. 

An understanding of the pyrolysis characteristics of solid 

fuels is fundamental for reactor design and optimization 

of these processes. The pyrolysis characteristics of 

several types of macroalgae have been investigated in 

recent years. For example, Wang et al. [5] conducted 

pyrolysis experiments using Enteromorpha clathrata and 

investigated the pyrolysis characteristics at different 

heating rate, with analysis of the resultant gaseous 

products, using TG-MS. Li et al. [6] analyzed the 

pyrolysis characteristic of three red marine macroalgae 

and concluded that the pyrolysis process can be divided 

into three stages, and calculated the kinetic parameters 

using the Popescu, FWO and KAS methods. 

Ross et al. [7] characterized five types of macroalgae by 

proximate and ultimate analysis, inorganic content, and 

calorific value. They concluded that the high ash content 

of marine macroalgae restricts their use for combustion 

and gasification, and proposed more suitable conversion 

methods for macroalgae. However, fresh-water 

macroalgae are typically much lower in ash content. 

One possible strategy to negate the high ash content 

of algal biomass is to co-fire with low-ash fuels. 

However, little work has been done to investigate the co-

pyrolysis of blends of algae and other fuels. Kirtania and 

Bhattacharya [8] investigated the pyrolysis reactivity and 

kinetics of a fresh water alga, Chlorococcum humicola, 

Yallourn coal and their blends, and found no chemical 

interaction exists during the pyrolysis process. Chen et 

al. [9] studied the co-pyrolysis characteristics of a 

microalgae, C. vulgaris, and a semi-anthracite coal and 

observed an interaction between these fuels. Thus, there 

is currently no consensus about whether pyrolysis 

interaction effects exist during co-utilization processes or 

indeed, if they do exist, whether these interactions are 

synergistic or otherwise. Further study of the pyrolysis 

characteristics of macroalgae, and any interaction effects 

during co-pyrolysis with other fuels, is necessary to 

facilitate the design and operation of co-fired pyrolysis, 

combustion and gasification processes. 

A fresh-water green macroalga, Oedogonium sp., 

has been selected for the present study since it is a target 

species for remediation of industrial pollutants and has 

previously been assessed for this application[10]. The 

pyrolysis characteristics of this alga have been 

investigated and compared with those of Loy Yang coal 

as a function of heating rate using a thermogravimetic 

analyzer (TGA). Blends of these two fuels were also 

https://owa.adelaide.edu.au/owa/redir.aspx?C=otfvmXaq-kWj9lgLJ2KYmQszDfl_HdAI35JDoyHdXsBKfGPYxQ7LJFcfZ9CET9gKbI5PxohDkjg.&URL=mailto%3apeter.ashman%40adelaide.edu.au
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investigated to verify whether interaction effects exist 

during co-pyrolysis.  

2 Experimental  

2.1 Sample preparation  

 

Oedogonium sp. (OD) (hereafter referred to as 

Oedogonium), a fresh water macroalga, was cultured in 

tanks at James Cook University, Townsville. A detailed 

description of the cultivation and harvesting of OD is 

given by Lane et al. [11]. Briefly, tanks were stocked 

with Oedogonium at 0.5 g/L in de-chlorinated water with 

MAF (Microalgae food) culture media and harvested 

after 7 days. The biomass was divided and a portion air-

dried until the moisture content was less than 10 wt%. 

The dried sample was milled and sieved to <250 µm. 

A Victorian brown coal, Loy Yang (LY), was dried 

in an oven at 40 °C for 12h and then stored under 

ambient conditions until constant weight was achieved 

(i.e. weight change < 0.1 % per hour). The coal was 

milled and sieved to less than 250 µm.  

Representative samples of coal and algae were 

obtained using cone-and-quartering and added to an 

agate mortar before being physically mixed to ensure a 

homogeneous mixture. Proximate analysis for the coal 

sample was determined following ASTM standards and 

using a Setaram Labsys Thermogravimetric analyzer. An 

ultimate analysis was performed using a LECO TruSpec 

CHN analyzer and the higher heating value was 

calculated based on the ultimate analysis following 

Kirtania and Bhattacharya [8]. The proximate and 

ultimate analyses for OD are those reported by Lane et 

al. [11] and the reported heating value was also 

calculated from the ultimate analysis [8]. These analyses 

are reported in Table 1 for OD and LY. 

2.2 Experiment methods 

 

Pyrolysis experiments were carried out using a 

Setaram Labsys Thermogravimetric Analyzer 

/Differential Scanning Calorimeter (TGA/DSC). 

Samples (~10 mg) were loaded into an alumina crucible 

and experiments were conducted under non-isothermal 

conditions with a N2 (99.999% Purity) flow rate of 60 

ml/min as the sweeping gas to provide an inert 

environment. Samples were heated from ambient 

temperature to 105 °C at a heating rate of 10 °C/min and  

Table 1 Proximate and ultimate analyses and calculated heating values 

for OD and LY coal. [db = dry basis; daf = dry, ash-free basis] 

 OD LY 

Proximate analysis (wt% db)   
  Fixed carbon 14.7 47.3 

  Volatile  77.3 51.3 

  Ash 8 1.4 

Ultimate analysis (wt% daf)   

  C 49.1 66.8 

  H 6.8 4.8 
  N 4.5 0.4 

  S 0.12 - 

  O (by difference) 39.2 28.0 
HHV (MJ/kg)db 19.4 24.5 

held at 105 °C for 30 minutes to eliminate most of the 

free-water. The temperature was then decreased to 50 °C 

and held for 20 minutes to achieve a stable weight 

signal. Samples were then heated to 900 °C at heating 

rates of 10, 20 or 40 °C /min. Prior to each experiment, a 

baseline run was conducted at the same heating rate and 

this was used to account for changes in apparent weight 

due to buoyancy effects [12].  

3 Results and Discussion 

3.1 Pyrolysis characteristics 

 

Fig. 1 shows the weight loss (TG) and the derivative 

of the weight loss (DTG) profiles during the pyrolysis of 

OD in a N2 atmosphere. It can be seen that three distinct 

stages occur during the pyrolysis process, as was 

previously observed by others [13-17]. Stage I can be 

identified as occurring between the starting temperature 

and the initial temperature of the main devolatilization 

event, Ti, which is taken as the temperature when the rate 

of weight loss first exceeds 5% of the maximum weight 

loss rate. Stage II occurs from Ti to the end temperature 

of the main devolatilization event, Te, which is taken as 

the temperature at the inflexion point in the weight loss 

curve between the largest peak and the shoulder to the 

right of the largest peak. Stage III occurs from Te until 

the final pyrolysis temperature (900 °C, in this case). 

Similar data for LY is shown in Fig. 2. The pyrolysis 

process for LY may also be divided into 3 stages 

following Ma et al. [18]. 

 

 
Fig.1 Plot of (a) TG curve and (b) DTG curve for OD at heating rates 

of 10, 20 and 40 °C/min (Stages I, II, III are marked based on 
characteristic temperatures at 20 °C /min heating rate ). 

 

 

 
Fig.2 Plot of (a) TG curve and (b) DTG curve for LY at heating rates 

of 10, 20 and 40 °C/min (Stages I, II, III are marked based on 

characteristic temperatures at 20 °C /min heating rate)



 

- 252 - 

Table 2 Parameters describing the pyrolysis characteristics of OD and LY coal for different heating rates

Heating 

rate 

OD LY 

Ti (°C) a Tmax (°C) b Te (°C) c (dw/dt)max 
d 

Residual 
mass 

Ti (°C) Tmax (°C) Te (°C) (dw/dt)max 
Residual 

mass 

10 °C /min 183 304 347 0.13701 25.91 180 426 495 0.03262 48.32 

20 °C /min 198 320 365 0.24948 25.57 192 433 527 0.06456 48.11 
40 °C /min 210 355 407 0.45079 24.26 203 455 582 0.12902 51.57 
a Ti is the initial temperature of the main devolatilization, °C 
b Te is the end temperature of the main devolatilization, °C 
c Tmax is the temperature of the maximum reaction rate, °C 
d (dw/dt)max is the maximum reaction rate, %/s 

The temperatures used to define the three stages of 

pyrolysis, Ti, Te and Tmax, are shown in Table 2 for OD 

and LY. For OD, during Stage I, since most of the 

moisture is eliminated before the experiment, there is 

only a small weight loss which corresponds to the 

release of the crystalline water and light volatile species. 

The main volatile components are released during Stage 

II and the majority of weight loss during pyrolysis 

occurs during this stage. During Stage III, a shoulder 

exists at the right of the main peak, it suggests a slow 

and gradual loss of weight (from Te to approx. 500-600 

°C) resulting from the decomposition of carbonaceous 

species in the solid residue [14]. 

The first stage of LY pyrolysis is also due to the 

evaporation of remaining water. The second stage 

corresponds to primary carbonization of the coal with 

most of the volatile matter released during this stage to 

form tars and gaseous products. The third stage is due to 

secondary carbonization and the sample weight 

decreased progressively until the end of the pyrolysis 

process during this stage. 

Compared with OD, the devolatilization of LY is 

somewhat slower and occurs over a wider temperature 

range. It is well known that the pyrolysis characteristic 

of solid fuel mainly depends on its composition, as 

macroalgae are composed of many low polymerization 

polysaccharides and the inorganic species in macroalgae 

also have a catalytic effect on the thermal decomposition 

process [16, 19], so the weight loss mainly occurs in a 

narrow temperature range. The volatile matter in coal is 

more complex, including mainly alkane, aromatic 

hydrocarbon and aliphatic hydrocarbons, and these 

different components are released over a wide range 

temperature, usually from around 200-900°C, and thus 

weight loss occurs over a wider temperature zone. The 

residue mass of LY, shown in Table 2, is much higher 

than that for OD, which is attributed to its higher fixed 

carbon content (Table 1).  

The effect of heating rate on the TG and DTG 

curves for the pyrolysis of OD and LY coal is also 

evident in Fig 1 and Fig 2, respectively. It can be seen 

from Table 2 that, as the heating rate increases, there was 

a lateral shift to higher temperature for Ti, Te, and Tmax. 

This lateral shift has been reported for different types of 

biomass [20, 21] and other types of algae [14, 16, 17] 

and has been assigned as being due to the combined 

effects of the heat transfer under different heating rate 

and the kinetic of decomposition resulting in delayed 

decomposition [20, 21]. It can also be observed from the 

DTG curve that (dw/dt)max increases as the heating rate 

increases. This may due to biomass having a 

heterogeneous structure with many different 

constituents, each with their own characteristic peak at 

certain temperature ranges during the pyrolysis process. 

Particularly at high heating rates, these different 

constituents decompose simultaneously and the adjacent 

peaks overlap to yield broader peaks [22, 23]. 

In our experiment, there is a slightly decrease in the 

residue mass of OD as the heating rate increases (Table 

2), which may be due to lower heating rates resulting in 

a longer residence time for the volatiles within the 

particles and so favoring secondary  reactions such as 

cracking, re-polymerization and re-condensation, which 

ultimately lead to the formation of the solid char [14]. 

3.2 Co-pyrolysis 

 

Fig. 3 shows the weight loss (TG) and the derivative 

of the weight loss (DTG) profiles during the pyrolysis of 

OD and LY with different blending ratios at a heating 

rate of 20 °C /min. It can be seen in Fig. 3(b) that all 

three blends display two peaks at around 320 °C and 430 

°C, respectively, which correspond to the temperature of 

the maximum devolatilisation rate of OD and LY 

separately. The peak height at 320 °C increases as the 

percentage of OD increased, while the second peak 

height increases as the percentage of LY increased. The 

residual mass for LY (Fig. 3(a)) is higher than OD with 

the residual mass increasing as the ratio of LY increases. 

To investigate whether interaction effects exist 

during pyrolysis of blends of the two fuels, the amount 

of volatile species released from the pyrolysis process is 

plotted in Fig. 4 against the percentage of OD in the 

blend. It can be seen that there is an approximately linear 

relationship between the volatile species content and the 

percentage of OD in the blend, which indicates that no 

interaction effects exist for these mixtures, under these 

experimental conditions. To further validate this 

conclusion, a comparison between experimental weight 

loss (Wexp) value and the calculated weight loss value 

(Wcal) was conducted. 

 

 
Fig. 3 TG (a) and DTG (b) curve for OD, LY coal and its blend at 

heating rate of 20 °C /min 

app:ds:aromatic
app:ds:hydrocarbon
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Fig. 4 Percentage of volatile released vs blending ratio of OD 

 

 
Fig. 5 Comparison of calculated and experimental weight loss curve for 

OD and LY blends at heating rate of 20 °C /min 

 

Wcal is calculated using eqn. (1): 

 

Cal OD OD LY LYW x W x W 
 (1) 

where xOD and xLY is the percentage of OD and LY in 

the mixture respectively, and WOD and WLY is the weight 

loss of OD and LY at the same conditions, respectively. 

The calculated and experimental weight loss curves, with 

different blending ratios and for a heating rate of 20 °C 

/min, are presented in Fig 5. Although there is a slight 

difference, the Wcal value agrees well with Wexp, and 

similar co-pyrolysis behaviors have been reported 

previously [24-26], which further demonstrates that no 

interaction effects exist in the blends. 

4. Conclusions 

(1) Oedogonium and Loy Yang exhibit different 

pyrolysis characteristics for the same conditions. The 

devolatization of Oedogonium mainly occurs between 

180-410 °C, however, the devolatization of Loy Yang 

coal occurs over a wider temperature. The coal has a 

higher residual mass as compared with Oedogonium. 

 (2) Pyrolysis curves for both Oedogonium and Loy 

Yang shift to higher temperatures as the heating rate 

increases, the charcteristic parameters, Ti, Te, Tmax and 

(dw/dt)max all increase when the heating rate increase. 

While there is no obvious change in the residual mass for 

Loy Yang, the residual mass of Oedogonium decreases 

as heating rate increases. 

(3) No interaction effects exist during the pyrolysis 

of Oedogonium and Loy Yang coal blends at the current 

experimental conditions. 

(4) Based on this work, successful co-gasification of 

macroalgae and coal is not expected to be impeded by 

limitations occurring during the pyrolysis stage. 
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Abstract 
Biomass is considered as a key feedstock for the future sustainable production of renewable liquid transport fuels. Among the 

available technologies, pyrolysis is the most promising process for converting solid biomass into a liquid fuel (so-called bio-oil). 

However, the commercialization of biomass pyrolysis process is largely hindered by various undesired properties of bio-oil as 

feedstock for further upgrading into transport fuels. Therefore, a sound understanding of biomass pyrolysis mechanism is important to 

develop advanced technologies for producing bio-oil with desired properties. Due to the complex structure of lignocellulosic biomass, 

cellulose is generally considered as the model compound to study the pyrolysis of biomass. Depending on the hydrogen bonding 

networks in the cellulose structure, cellulose can be of crystalline or amorphous nature. Generally, crystalline cellulose has well-

packed long chains via strong hydrogen bonding networks while amorphous cellulose has much weaker hydrogen bonding networks 

and shorter chain length. Such structural differences in hydrogen bonding pattern and chain length may strongly affect the chemical 

reaction behaviour of cellulose during pyrolysis. Surprisingly, little has been reported in the open literature on the pyrolysis behaviour 

of amorphous and crystalline cellulose.  
It was suggested by previous literature that cellulose fast pyrolysis may take place through a molten intermediate state (so-called 

active cellulose). Such reaction intermediates are important precursors of volatiles, thus largely determining the properties of 

produced bio-oil. Studies on the reaction intermediates of cellulose pyrolysis are scarce because of the very short lifetime of the 

reaction intermediates, which makes the reaction intermediates difficult to be collected. A recent study of the same authors has 

successfully collected and characterised the water-soluble intermediates from microcrystalline cellulose slow pyrolysis at low 

temperatures. A wide range of sugar oligomers and anhydro-sugar oligomers with degrees of polymerization (DPs) up to 10, along 

with partially decomposed sugar-ring-containing oligomers (i.e., PDSRCOs), were present in the water-soluble intermediates from 

cellulose slow pyrolysis at 100–350 °C. Particularly, the formation of sugar oligomers with various DPs was reported for the first 

time, but seemed to contradict the available knowledge that the primary reactions of cellulose pyrolysis mainly produce anhydro-

sugars. It was speculated that the formation of sugar oligomers was due to the amorphous portion of microcrystalline cellulose, but no 

direct evidence was available.  

In this work, ball milling and hot-compressed water extraction treatments were used to prepare the amorphous and crystalline 

cellulose samples from microcrystalline cellulose, respectively. The structures of prepared amorphous and crystalline cellulose were 

verified by XRD. Both amorphous and crystalline cellulose samples were then pyrolysed in a fixed-bed quartz reactor at 100–350 °C 

and 10 K min–1 to study the formation of water-soluble intermediates. Water-soluble intermediates were extracted by deionised water 

from the solid residues produced from the pyrolysis of amorphous and crystalline cellulose. The liquid samples were characterised by 

total organic carbon (TOC) analyser and high-performance anion exchange chromatography with pulsed amperometric detection 

(HPAEC-PAD). Post-hydrolysis of the liquid samples were also performed to quantify the sugar content in the water-soluble 

intermediates.  

Significant differences have been observed in the pyrolysis behaviour between amorphous and crystalline cellulose. The yield of 

the water-soluble intermediates for amorphous cellulose has a maximum of ~30% on a carbon basis at 250 °C, considerably higher 

than that of ~3% for crystalline cellulose at 270 °C. Direct evidence was observed to demonstrate that various sugar oligomers (DPs: 

1−14) present in the water-soluble intermediates are indeed produced from the short glucose chain segments in amorphous cellulose. 

The weak hydrogen bonding networks in amorphous cellulose allowed the liberation of these short glucose chain segments as 

pyrolysis intermediates even at a temperature as low as 150 °C. Compared to those from crystalline cellulose, the water-soluble 

intermediates from amorphous cellulose contain considerably more sugar oligomers and anhydro-sugar oligomers with a much wider 

range of degrees of polymerization (DP), e.g., 1−14 and 1−16 for sugar oligomers and anhydro-sugar oligomers, respectively. Our 

results further suggest that the water-soluble intermediates from amorphous cellulose pyrolysis at temperatures <270 °C are mainly 

contributed by high-DP sugar and/or anhydro-sugar oligomers, and PDSRCOs. However, low-DP anhydro-sugar oligomers and 

PDSRCOs are the main products of the water-soluble intermediates from crystalline cellulose pyrolysis. At higher temperatures (e.g. 

300 °C), the water-soluble intermediates from amorphous cellulose are dominantly non-sugar products, largely due to the destruction 

of the sugar ring structures within the pyrolysing amorphous cellulose.   
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Abstract 
Moderate or Intense Low oxygen Dilution (MILD) combustion is an important combustion regime, which utilises the combustion 

of gas in hot and often vitiated environment. MILD combustors are characterised by the use of exhaust gases recirculated into the 

combustor via dilution or mixing with the incoming fuel or alternately by rapidly mixing an incoming fuel stream into a hot 

environment of combustion products. However, the influence of preheating the fuel jet is not well understood. Current approaches 

rely heavily on assumptions about the role of heat on laminarisation of turbulence, due to viscosity. However, the density ratio 

between jet and environment is known to have a dominant effect on mixing. Velocity measurements are presented for a pair of 

turbulent premixed flames issuing into a premixed coflow. Two cases are considered, both with and without preheating of the central 

fuel jet. The resulting near-field velocity is measured using digital Particle Image Velocimetry (PIV). The resulting velocity maps are 

processed to find the turbulence intensity, u’/U. A two-point correlation technique is used to determine the turbulence integral length 

scale, lf. The influence of preheating the central jet on the resulting near-field turbulence characteristics are presented and discussed. 

 
Keywords: MILD combustion, Integral Lengthscales, Turbulence Intensity, Particle Image Velocimetry. 
 

 

1. Introduction 
 

1.1 MILD Combustion 
Moderate or Intense Low-oxygen Dilution (MILD) 

combustion has attracted the attention of many 

researchers due to the many attractive features in 

reducing emission and improving thermal efficiency. 

This combustion mode relies on heat and gas 

recirculation to establish a distributed reaction zone 

with a semi-uniform furnace temperature above that of 

autoigniton, usually above 800°C [1,2,3]. Design of 

new and adaptation of old burners to work under these 

conditions requires further research to ensure effective 

mixing and reaction of the reactants under these 

conditions. In the majority, fuel jets are injected into a 

hot medium of products and oxidant at lower density 

[4,5,6]. Much documented research points to delay 

ignition, preheating of the premixing of the fuel before 

reaction can proceed [6]. The impact of this preheating 

on the mixing and reaction is of interest to this study. 

Many researchers have investigated variable 

density jets and the impact they have on the mixing, 

spread and decay of the jets [7-12]. Fewer have 

investigated the influence of heat release due to 

combustion reactions of such jets [13-15]. Some of the 

major findings out of these studies can be summarized 

as follows: 

• The rates of spread and decay of a simple jet 

issuing into a higher density fluid is more rapid than 

that issuing into a lighter fluid with either the same 

momentum flux or the same Reynold’s number [10]. 

• Reynolds number plays an important role in 

determining the turbulent structure, centerline 

unmixedness and virtual origin location for variable 

density jets [7,8,9,11]. 

• Heat release (i.e flame) suppresses or laminarizes 

the turbulence especially in the outer layer of the jet 

where the gas temperature is high leading to the 

increase in kinematic viscosity and the retardation of 

mixing. And while non-reacting cold jets have high 

centerline turbulence closer to the jet exit, flames 

promote turbulence farther downstream because of the 

higher velocity gradient due to the expansion by the 

temperature rise [13,14]. 

• The reaction zone appears to act as a boundary 

condition for a shear layer that is formed between the 

high-speed jet fluid and the combustion products from 

the reaction zone. The lower density ratio under 

reacting conditions reduces the growth rate of the near 

field shear layer, thus extending the potential core of 

the jet [15]. 

• The position of the stoichiometric mixture 

fraction relative to the shear layer have less impact on 

the mixing as compared to the density ratio [15] 

• RANS based models seem to be inconsistent in 

predicting the spread and decay of a cold jet in a hot 

coflow over a moderate span of Reynolds number [16]. 

In this paper we investigate the impact of 

preheating a premixed CH4/Air jet issuing into a hot 

and diluted environment on the flow field and its 

turbulence characteristic. 

2. Experimental 

2.1 Jet in Hot-Coflow Burner 
For this study the Jet in Hot Coflow burner (JHC) 

was used to stabilise two premixed flames in a vitiated 

coflow under MILD conditions. The JHC burner [17] is 

shown in Fig. 1. In this study the central jet diameter 

was 15 mm. Turbulence was generated within the 
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central jet by means of an upstream perforated plate 

(0.8mm holes on a 1.5mm pitch, blockage 74%). The 

burner was located in a shrouded enclosure to assist in 

the extraction of combustion products and to isolate the 

burner from the effects of the surrounds (ambient 

velocity <0.1m/s). 

 The flames investigated here comprised lean 

premixed CNG/ethylene/Air jets issuing into a 

premixed CNG/ethylene/Air coflow. This fuel mixture 

is analogous to pure methane. Compressed natural gas 

was sweetened with 1% ethylene (by volume) so that 

the flame speed of the CNG mixture (as reported by the 

supplier) matched that of pure methane for the same 

stoichiometry. The difference between CNG and 

methane is often ignored, however for these lean 

flames, the stability limits for the burner are very 

sensitive to fuel variation. 

Both flames studied here had the same 

stoichiometry in the central jet and coflow. The 

equivalence ratio of both the central jet and surrounding 

coflow was 0.7. The primary difference between 

investigated cases was that the central jet was preheated 

in one case (Tjet = 650K), and not in the other (Tjet = 

300K), in order to observe the effect of preheating 

common to MILD applications. The mass flow rates of 

both flames are the same, however the heated jet case 

will have higher velocities than the cold jet due to 

thermal expansion of the jet gases. Jet flow rate is 270 

slm, and coflow is 163 slm, although the volume rate 

will depend on the temperature of the gases. 

Preheating the jet gases was performed using a 

high-flow rate gas heater drawing 3-phase power. 

Given the mass flow through the heater, the maximum 

temperature that could be consistently gained was 350º 

above ambient. This jet temperature was measured at 

the exit plane using a K-type thermocouple. 

2.2 Imaging and Lasers 
Velocity was measured using a cross correlation 

digital PIV technique, conducted in the TEC 

Laboratory at the University of Adelaide, shown 

schematically in Fig. 2. Illumination is provided by a 

Quantel Brilliant-B double pulsed Nd:YAG laser using 

the second harmonic at 532nm. Laser power was 

comparatively low (~100mJ/pulse) given the imaging 

region and the general efficiency of Mie-scattering. The 

time delay between successive laser pulses was 100 µs. 

The imaging system comprised a Megaplus II 2093 

camera running in triggered double exposure mode at 

2.5Hz. Collection optics were a Tamron 80-200 

compound lens imaging a region of 184 mm by 104 

mm onto the detector of 1920 pixels by 1080 pixels. 

Magnification is therefore 13:1, with 10.4 pixels per 

mm. The imaging system comprised a Megaplus II 

2093 camera running in triggered double exposure 

mode at 2.5Hz. Collection optics were a Tamron 80-

200 compound lens imaging a region of 184 mm by 

104 mm onto the detector of 1920 pixels by 1080 

pixels. Magnification is therefore 13:1, with 10.4 pixels  

 

 
per mm. Given a PIV interrogation window of 32 

pixels by 32 pixels, this relates to an in plane resolution 

of approximately 3 mm. Given that the laser sheet is 

formed with a thickness of 2 mm, the in-plane 

resolution is the limiting factor. 

The resulting Mie-scattering image pairs were 

processed using PIVView software. Careful attention 

was paid to the processing parameters to ensure that the 

velocity field was not conditioned artificially. The final 

cross-correlation was performed on an interrogation 

window of 32 by 32 pixels. However, the final 

correlation sub-region was offset by a displacement 

determined by grid refinement, in 5 steps from 256 

pixels. Gaussian peak fitting was selected to avoid peak 

locking effects and give sub pixel accuracy on 

determined displacements. 

No filtering or smoothing was applied to the 

resulting vector field as this broadens any derived 2-pt 

correlations by 'leaking' the value of one vector into its 

neighbours. Outlying vectors were crudely evaluated as 

any vector more than 3 times the local average. Such 

vectors were replaced by a distance-weighted average 

of neighbours. However, in the region of interest the 

PIV processing was extremely strong and outliers were 

negligible. The PIV ensemble consisted of 300 image 

pairs. 

 

Figure 1: Schematic of the Jet in Hot Coflow (JHC) burner. 

Figure 2: Schematic of the imaging system used for digital 

Particle Image Velocimetry (PIV). 
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2.3 Two-Point Correlation and Fitting 
Each ensemble of 300 vector images was used to 

determine a two-point velocity correlation for the 

purpose of determining the integral lengthscale of 

turbulence, using the method of Chen et al. [18].  

To determine the two-point correlation, a location 

of interest must be determined. For this experiment a 

point on the burner centerline and 30 mm downstream 

of the burner exit is selected. Such a location is always 

in the vitiated coflow region and is representative of a 

MILD combustion environment. Locations that are 

further downstream may run the risk of showing the 

influence of entrained surroundings. 

The two-point longitudinal correlation functions of 

the axial velocity component at position (x,r) are 

calculated with Eq. 1 from 300 processed instantaneous 

PIV velocity fields. 

 

             
(1) 

where ∆x is the axial distance between two velocity 

vectors at the same radius, r. In order to test the 

variability of the two-point correlation, the lengthscale 

is also determined using several neighbouring locations 

adjacent to the centerline reference point. 

Longitudinal integral lengthscale, lf, is derived by 

curve-fitting f(∆x) with Eq. 2 [18]. 

 

(2) 

Thus, lf is calculated as a/2b + c/2d. Application of the 

curve-fit is done here using a Monte-Carlo method 

using at least 10
6
 iterations until the chi value is 

typically less than 0.05. As a guide to interpreting the 

correlation decay and curve fits (Fig. 5 a) and b)), the 

integral lengthscale approximately corresponds to the 

number of vector increments required for the 

correlation to decay to 50%. 

3. Results and Discussion  

Figure 3 shows a pair of velocity fields from the 

two flame cases studied here. Figures 3a) and c) show 

the mean velocity fields for the cold and hot jets, 

respectively. The average vector fields are 

superimposed on a false-colour image indicating the 

axial component of velocity. Interestingly, the spread of 

the jet appears to be the same for both cases. Figures 

3b) and d) show typical instantaneous velocity fields 

for the cold and hot jet cases, respectively. The large-

scale turbulence structures within both jets, revealed by 

spatial variations in the false-colour image appear 

broadly similar. In fact, the clearest difference between 

the cold and hot jets is that the heated jet case has much 

higher average velocity, but is otherwise 

macroscopically similar. 

Figure 4 shows the centerline velocity decay for 

the two jets. The axial component of velocity on the 

centerline is plotted, normalized by the maximum 

centerline value, U/Umax. The spatial coordinate (x-axis) 

is the downstream distance normalized by the jet 

diameter, x/D. The heated jet case, shown using the 

hollow diamond symbols, decays slightly faster than 

the cold jet case, plotted with solid square symbols. 

Both jets show the expected peak of axial velocity not 

at the burner exit but in the potential core 

approximately one diameter after the burner exit. The 

increased rate of decay for the hot jet, without broader 

spreading, can be attributed to a laminarisation effect 

due to elevated temperatures increasing the viscosity of 

the heated jet fluid. 

Figure 5 shows the 2-point correlation coefficient 

for the a) cold and b) hot jets taken at the centerline 

reference positions, located 30 mm downstream of the 

burner exit. The curve-fits to the raw two-point 

correlation data are also shown in the figures. It is most 

important for the curve fit to focus on correctly 

capturing the initial decay in the correlation. At 

downstream locations the correlations should decay to 

zero if the far field is uncorrelated with the turbulence 

in the potential core. Non zero values for the two-point 

correlation in this region indicate that there is some 

large scale puffing or flapping that is being seen in the 

correlation. This could correspond to the largest scales 

of coherent structures that can be seen in Figs. 3b) and 

d). The heated jet shows more large scale flapping 

motions at far downstream. This is likely to result from 

the higher jet velocity in this case, extending the 

0

a) b) c) d)

COLD COLD HOT HOT

Figure 3: a) b) Mean and instantaneous velocity fields for unheated jet flame; c) d) mean and instantaneous velocity fields for heated jet flame. 
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potential core of the jet and pushing it out of the region 

dominated by the hot coflow. However, the more 

noteworthy difference is in how the correlation decays 

close to the reference position, noticeably faster in the 

heated jet than the cold jet case. 

Figure 6 plots the determined lengthscale against 

the turbulence intensity, u’/U. Several interesting 

observations can be drawn from this graph. Firstly, it is 

clear that the role of preheating the central jet serves to 

reduce the lengthscale. This would indicate an increase 

in grid-induced turbulence for the heated jet case, since 

the turbulence is expected to start at the grid size 

(0.8mm) and grow as it decays. Additionally, the 

turbulence intensity is also higher at 20-25% of the 

bulk velocity.  

4. Conclusion  

In summary the role of jet preheating on the 

turbulence characteristics of a premixed jet is not 

straightforward. It seems that there are competing 

effects: one towards laminarisation due to thermal 

viscous effects; the other an increase in velocity and 

kinetic energy due to thermal expansion. Increasing 

velocity can have a dominant effect in geometries that 

exploit grid-induced turbulence, or use the jet flow to 

induce mixing. However, jet momentum flux (twice as 

fast, half as dense) does not change significantly and 

this is confirmed by the similarity in normalized mean 

images of the jet spread (Fig. 3). 

Further work is needed to completely identify the 

competing roles of thermal laminarisation and 

expansion-induced turbulence. However, a lengthscale 

decrease from 3.2mm to 2.3mm (27%) is expected to 

have a significant role on the flames characterization 

within a premixed combustion regime. 
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Figure 4: Plots showing the decay of normalized axial velocity 
for the hot (hollow diamond) and cold (solid square) conditions. 

 

Figure 5: Correlation Coefficients and lengthscale curve fit for: 

a) unheated jet; and b) heated jet, at the centerline reference position. 

 

Figure 6: Turbulence intensity, u’/U, vs integral lengthscale, lf. 
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Abstract 
A novel approach that combines planar and volume imaging of laser induced fluorescence (LIF) is applied to identify events 

where structures measured in the planar images are due to out-of-plane motion. Two high-speed Nd:YAG-pumped dye lasers are 

tuned to a transition of OH at 283.01nm and one beam is formed into a laser sheet, less than 120µm thick while the other beam is 

formed into a volume that is 3.4mm thick. The thin laser sheet traverses the middle of the jet while the thick plane, referred to as the 

volume image, is oriented at 90 degrees to the thin laser sheet and aligned to cover the outer edges of the flame. The plane-volume 

overlap is marked on the respective images. Sequences of planar and volume LIF-OH images are collected at a repetition rate of 

10kHz in a range of flames approaching blow-off. The joint images enable the identification of whether the changes in OH structures 

are due to out-of-plane motion. Using turbulent piloted non-premixed flames of compressible natural gas (CNG) as a test-bed, it is 

shown that out-of-plane motion impacts an average of 11% of the sampled images. The distribution of the rates of hole size change of 

OH structures were found to be unchanged whether or not out of plane motion was considered.    

 
Keywords: LIF-OH imaging, out-of-plane motion, turbulent flames 
 

 

1. Introduction 

 

Planar imaging of species has proven to be 

extremely useful in resolving mixing and concentration 

fields in turbulent jets and flames. Diagnostic techniques 

employed in this configuration include Rayleigh and 

Raman scattering as well as laser induced fluorescence 

(LIF) for a range species such OH, NO, CO and CH2O 

[1-3]. The recent development of high-repetition-rate 

lasers and cameras with fast intensifiers has also enabled 

planar high-speed LIF-imaging which remains limited to 

fluorescing species with relative abundance such as OH, 

acetone or toluene [3-7]. Such time-sequences are 

extremely useful in resolving the evolution of transient 

processes such as propagating flames, flow instabilities, 

and ignition as well as extinction processes [3,7,8]. The 

use of two or more techniques simultaneously offers 

powerful information [9]. 

 

A key limitation of planar images lies in the 

inability to identify out-of-plane motion. This is 

particularly problematic with high-speed imaging where 

fluid elements with relatively high radial velocities may 

be leaving or entering the imaging plane giving 

erroneous impressions about the evolution of spatial 

structures. Earlier attempts to account for such events 

have included empirical methods based on image 

processing assumptions [7,8] or joint imaging of LIF and 

velocity using particle imaging velocimetry (PIV) where 

the PIV plane is at an angle to the LIF-OH plane [10]. 

Both approaches have limitations with the former being 

based on empiricism while the latter, although more 

advanced relies on velocities measurements at a single 

line in the image to identify out-of-plane motion. Of 

course, this problem will disappear if 3D-imaging of 

species concentration is available but such an objective 

remains unachievable particularly at high repetition 

rates.  

This paper introduces a new approach to identify 

out-of-plane motion using dual LIF-OH in a cross plane 

arrangement. A thick laser sheet, orthogonal to the main, 

thin laser sheet that resolves the planar OH structures is 

positioned such that it engulfs the outer edges of the 

flame. The same LIF-OH structures may be identified on 

both the planar and volume images. The paper 

demonstrates that the volume images can be used to 

identify the motion of such structures with respect to the 

plane. Processing methods may be used to quantify the 

percentage of samples subjected to out-of-plane motion.  

Comparisons of breakage and closure rates are made 

with previously reported information for similar flames 

[7-8,10].    

2. Experimental 

2.1 Optical Set-up 

 

A schematic of the optical layout is shown in Fig.1a. 

A planar laser sheet (P) and a volume (V) generated 

from two Nd:YAG pumped dye lasers and tuned to the 
Q1(6) line of the A

2
Σ  X

2
Π (1,0) system of OH at 

283.01nm. Laser sheet P is obtained using an Edgewave 

IS-series Nd:YAG laser fired at a repetition rate of 

10kHz with a power of 30W and a pulse length of 

around 7ns, to pump a SIRAH-Allegro  high-speed dye 

laser. The dye used is Rhodamine 6G in ethanol, and 

produced a fundamental beam at 566nm, which is then 

frequency doubled using a BBO crystal to produce a UV 

beam at 283.01nm with an average power of 1.6W at 

10kHz (160µJ/pulse). The first and second harmonics are 
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separated using a set of 4 Pellin-Broca prisms. The beam 

is then expanded to 40mm in height using a diverging 

cylindrical lens before being focused into a sheet at the 

imaging axis using a fused-silica focusing lens with a 

300mm focal length. The beam thickness at the focal 

plane was measured under a microscope by a burn mark 

method on a photosensitive paper and found to be 

120μm (±10μm) and the beam divergence half-angle at 

the focal plane was determined to be around 0.76 

degrees. 

Laser volume, V, is formed in a similar way but 

using an Edgewave HD-series Nd:YAG laser fired at a 

repetition rate of 10kHz with a power of 120W and a 

pulse length of around 10ns, to pump a SIRAH-Credo 

high-speed dye laser to produce a UV beam at 283.01nm 

with an average power of 3.3W at 10kHz (330µJ/pulse).  

After separating the first and second harmonics using a 

set of 4 Pellin-Broca prisms, the beam is then expanded 

to 50mm in height using a diverging cylindrical lens 

before being loosely focused and then re-expanded into a 

volume, V, using a 30mm convergent lens to a sheet 

thickness of 3.4mm where it crosses the P sheet. 

Laser sheet P crosses the flame’s centerline while 

the laser volume V is set up orthogonal to P crossing the 

outer edges of the flame as shown in the Fig.1b. The 

intention is to engulf the region where the flame brush is 

nominally located. The overlap between P and V is 

easily determined so that the region on laser sheet P 

crossed by the laser volume is marked and conversely, 

the location of the P on the viewed laser volume is 

known. With this information, structures imaged on the 

laser sheet and bound by the laser volume, V, may be 

traced to check if they are moving out-of-plane. This 

becomes clearer later when illustrated with an example. 

 The detection system consists of two LaVision 

High-Speed-Star 6 (HSS6) CMOS cameras with lens-

coupled, UV sensitive, two-stage intensifiers (High-

Speed IRO: Intensified Relay Optics, LaVision). The 

cameras were run at a repetition rate of 10kHz with an 

array of 768 x 768 pixels and an image resolution of 

59μm/pixel. The intensifier had a gate width of 200ns 

thus minimizing background luminosity. The Planar OH-

LIF signal P was collected using a set of LAPQ/APMQ 

(CVI product) three-element UV lenses, with a clear 

aperture of 60mm. The lenses were coupled back-to-

back to produce a combined f/1.65. The volume image 

was collected using a 105mm UV-Nikkor f/4.5 multi 

element UV lens. This was important to achieve a 

suitable depth of view to capture the volume-LIF signal 

with acceptable quality. Filters were used on both HSS6 

camera; a UG-11 and a Semrock LP300 filter both 1mm 

thick. The effective imaged area using sheet P was 

30mm high x 45mm wide while that covered by cross-

volume V was 41mm high 2.8 mm wide. 

 

2.2 Test conditions 

 

The burner used is very similar to the well-known 

jet piloted burner [7,8,11,12] with compressed natural 

gas as fuel. The burner consists of a 7.5mm ID (not 

7.2mm as per [7,8,11,12]) tube with 0.25mm wall 

thickness that is surrounded by a stoichiometric pilot 

annulus which issues with a bulk gas velocity of 3m/s 

unburned [13]. Measurements are performed in four 

flames with different bulk jet velocities, UJ, and hence 

different departures from blow-off, UBO, as listed in 

Table 1. The conditions selected here are very similar to 

those studied earlier [7,8] with a 7.2mm jet so that 

reference may be made to earlier data.   

 

(a) 

 

(b) 

Figure 1: a) Optical layout of the planar-volume cross-LIF set-up (P-
V-XLIF) The burner is housed in the wind tunnel shown. The V-

camera had to be inclined above the P-beam. b) A top view of a 

horizontal slice of the flame brush and how the P and V beams interact. 

 
Table 1:  Piloted jet flame conditions 

Flame UJ (m/s) UJ / UBO Rejet 

A 36 0.59 15790 

L 41 0.67 17980 

B 48 0.78 21050 

3. Results 

3.1 Image Processing 

 

Figure 2 shows samples image sequences collected 

at x/D=12-16 in flame A. Sequences showing OH 

V-camera 

P-camera 

Wind Tunnel 

P-beam 
V-beam 

Routing 

optics 
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structures undergoing breakages or closures are selected 

since these are of immediate interest in studying 

transient processes in turbulent flames. Closures and 

breakages in similar flames were studied earlier using 

high-speed imaging and the rates of these processes may 

be affected by out-of-plane motion [7,8].    

A number of processing rules have been followed to 

reduce the data to the results shown in this paper. A brief 

description of the rules is given here: 

 Events are only identified in the planar image if they 

fall within the volume projection onto the planar 

image implying that such structures are advected 

within both P and V data. Image sequences are 

rejected if the OH profiles fall outside the dashed 

line implying that the OH has moved out of the 

imaged plane as shown in the lower row of images 

in Fig. 2. 

 Events were only evaluated if they involved only 

two OH islands in the planar image: two OH islands 

forming into one (closure), one OH island forming 

into two (breakage), or two OH islands moving in 

the image but neither showing a complete closure or 

breakage (moving hole) 

 The event had to occur over two or more 

consecutive images such that an average change 

over time could be found.  

 Planar images were shown beside their 

corresponding volume images and a user had to 

objectively assess if the event was affected by out of 

plane motion. The dashed curve on the OH planar 

images represents the OH-volume and the dashed 

line on the OH-volume image shows the location of 

the OH-plane. The distance between OH islands was 

found by identifying the vertical extremities of each 

OH island and finding the straight line distance 

between them. This method was found to represent 

the distance well during the manual inspection of 

each hole and is consistent with previous work [7,8]. 

Very few holes displayed OH structures that would 

cause this method to misrepresent the hole size. 

Such ambiguous holes were discarded from the data 

set in the manual inspection stage. Consecutive hole 

sizes were used to find the rate of hole size change 

presented later in this paper. 

 

 3.2 Out-of-Plane Motion: Extent and Effects 

 

Thousands of image sequences were used to identify 

events of breakage or closure in the OH profile. Initially 

these events are identified regardless of the whether the 

identified event may be due to out-of plane motion or not 

then some were rejected as per the conditions outlined 

above. A summary of the results obtained are seen in 

Table 2 showing that out of plane motion effects 

between 5-15% of events. This is of the same order 

quoted in [8] and [10] where, respectively, 15% and 25% 

of samples were found to be affected by out-of-plane 

motion. The mean and standard deviation of the data is 

11% and 4% respectively. 

 

 

 
Figure 2: Three sample sequences of data. Each row corresponds to a difference sequence in time with the time interval between images 100µs 

going from left to right. Each image frame is a composite of the planar image, which has the volume projection marked on it with the dashed area, and 

the volume image which has the planar sheet marked with a vertical dotted line. The top sequence shows a closure event that is NOT influenced by out 

of plane OH propagation. The second sequence shows a hole moving down stream without any significant out of plane movement. The bottom 
sequence shows a the limitation of the method with a hole appearing on the volume data which is an artefact of the flame contorting out of the imaged 

volume area which can be seen on the corresponding planar images. 
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Table 2: A comparison of the number of hole events which were either 

accepted or rejected due to out of plane motion causing the planar 

representation of the hole event being untrue. 
 

Flame 
x/D 
Location 

Number 
Accepted 

Number 
Rejected % Rejected 

A 12-16 259 39 13% 

L 10-14 415 58 12% 

L 15-19 451 33 7% 

L 20-24 354 33 9% 

B 10-14 324 59 15% 

B 15-19 215 12 5% 

B 20-24 148 25 14% 

 

It should be noted that due to the strict conditions 

applied by the processing code the data is greatly 

reduced. Many complex and multi-kernel OH structures 

appear within the flames and the processing of these is 

beyond the scope of this investigation. 

Figure 3 shows PDF distributions of rates of closure 

and breakages obtained for the different flames over all 

x/D locations collected. The data shows the expected 

bias towards closure of holes (a reduction in hole size) 

which was previously reported in [7,8]. Each plot shows 

the PD ’s for the two data sets that include only 

accepted events (solid lines), as well as both accepted 

and rejected events (square data points). The purpose of 

this is to see the extent to which events affected by out of 

plane motion would skew the data if they were not 

accounted for using only planar imaging. 

It is evident from Fig. 3 that events influenced by 

out of plane motion do not skew the general distribution 

of the rates of hole size change which is to be expected if 

a large enough data set is presented since the mean 

angular velocity of the flow is zero. 

 

 
 

Figure 3: Probability distribution of hole size change for the three 

different flames studied. Solid lines represent a data set that was not 
affected by out of plane motion, squares represent data that included all 

events, some of which were out of plane. Data has been combined for 

all x/D locations studied in each flame. 

 

4. Conclusions 

 

HS-LIF has been applied in a novel way to identify 

if events seen in HS-PLIF are a result of out of plane 

motion of the fluorescing population. The method used a 

secondary orthogonal laser volume to excite one side of 

the flame which could be simultaneously seen in the 

planar imaging. 

The method was shown to be successful in the 

identification of out of plane motion of the OH-LIF 

populations as well as revealing much information about 

the structure of the flames. The two key findings were: 

 Out of plane motion was found to influence 

between 5 and 15% of the events examined. 

 The inclusion of out of plane events in PDF 

distributions of the event behaviour did not 

skew the result. This is a reasonable result for 

such non-swirling flames with a mean angular 

velocity component of zero. 

 

This method has provided a more detailed picture of the 

behaviour of OH in such flames than has previously 

been seen. The complexity of the data has introduced 

more processing challenges. 
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Abstract 
Two-line Atomic Fluorescence (TLAF) using seeded atomic indium is a promising technique for two-dimensional temperature 

measurement in turbulent non-premixed sooty flames. However, it is desirable to reduce measurement uncertainties, which in turn 

depends on the fluorescence signal relative to background noise and interference. This paper reports a spectral assessment of 

interferences to both the Stokes and Anti-Stokes fluorescence signals in turbulent sooty flames undertaken with a spectrometer. Flame 

emission spectra were measured to assess the effects of various interference sources on indium fluorescence signals as well as to 

evaluate the efficacy of two techniques with potential to enhance the signal-to-noise ratio. Three types of interferences have been 

identified: laser Mie scattering from soot particles, laser-induced fluorescence from polycyclic aromatic hydrocarbons species (PAH-

LIF) and laser-induced incandescence (LII) from soot particles. The feasibility of applying a correction for interferences by 

comparison of simultaneous images collected on- and off-resonance was assessed by collecting images at 430 nm and the 

fluorescence lines (410 and 450 nm). The correlation between the intensity of corresponding pixels from two instantaneous on- and 

off-resonance images was compared. This correction scheme was found to have limited value. The alternative scheme, which 

incorporates narrow-band filters, is considered to have much greater potential to be effective. 

Keywords: combustion, laser diagnostics, 2D-temperature, turbulent sooty flame. 
 

 

1. Introduction 

Planar Two-line atomic fluorescence (TLAF) using 

seeded indium is a promising technique that can 

provide temporally and spatially resolved planar 

temperature information in turbulent sooty conditions 

[1,2] and in other particle-laden environments, in which 

the laser scattering by particles hinders the applications 

of other optical methods. In early application of the 

method, Kaminski et al. [3] reported measurements in 

an internal combustion engine. Engström et al. [4] and 

Nygren et al. [5] performed several studies on simple 

burner configurations. In these works, a low laser 

fluence was applied to achieve linear excitation regime 

indium LIF signals while keeping the laser induced 

emission from PAH or soot particles below a detectable 

level. More recently, Medwell et al. [6] extended TLAF 

into the non-linear excitation regime (NTLAF), i.e., 

using relatively high laser fluences to enhance the 

indium LIF signal and, thereby, to achieve a higher 

measurement precision [7,8].  

At the high laser fluence typical of NTLAF, the 

interference of laser Mie scattering, LII from soot 

particles, and PAH-LIF may become significant 

relative to the indium fluorescence signals [8]. The 

diverse and complex nature of these interferences 

makes them difficult to account for by background 

subtraction. Chan et al. [9] assessed the interference 

signal by comparing radial profile of on- and off- 

wavelength measurements with LII measurements. 

They found that the interference, possibly from 

condensed species (CS) and PAH species, was 

significant and accounted for more than 50% of in 

some regions of these sooty flames, which is 

unacceptable. To broaden the range of applicability of 

the NTLAF technique, it is therefore important both to 

identify the sources of these interference and to seek 

efficient methods to reduce them. This requires detailed 

knowledge of the spectral characteristics of the 

interferences and of their temporal history relative to 

the excitation lasers, neither or which have previously 

been reported. The first aim of this paper is therefore to 

assess the time-resolved spectra of the aforementioned 

sources of interference to both the Stokes and Anti-

Stokes fluorescence signals in turbulent sooty flames. 

The second aim is to assess the potential of various 

options with which to minimise each source of 

interference. 

2. Experimental 

Measurements were performed in a diffusion 

atmospheric-pressure ethylene-air jet flame issuing 

from a pipe (ID = 8 mm, OD = 9 mm). The flow rate of 

ethylene was kept at 6.5 standard litres (Ls)/ min and 

13.5 Ls/ min for the air stream; resulting in a fuel 

equivalence ratio (𝛷) of 6.9 and a jet exit Reynolds 

number of 3860. The flame was seeded with droplets of 

indium chloride dissolved in methanol at a 

concentration of 1.5 mg/mL. The droplets were 

produced in a sealed chamber with an ultrasonic 

nebuliser, and transported by the ethylene stream into 

the flame. Measurements were performed at a 

downstream location of 250 mm from the nozzle exit 

(x/d = 31.25), which is about half of the total flame 

length. Soot volume fraction has been measured 

previously in this flame [9]. At the measurement 

location, the soot volume fraction was determined to be 

mailto:dahe.gu@adelaide.edu.au
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~ 4 ppm by interpolating emission signal collected at 

430 nm from the data. 

The description of the optical arrangement for the 

laser system can be found in previous work [9] and is 

displayed in Fig. 1. The TLAF of indium employs two 

laser induced fluorescence processes based on the 

measurement of the Stokes and anti-Stokes direct line 

fluorescence of seeded indium. An alternate excitation 

and detection scheme is used to determine the 

temperature. The excitation wavelengths are 410.18 nm 

and 451.13 nm and the corresponding fluorescence 

wavelengths are collected around 450 and 410 nm, 

respectively. The excitation laser beams were 

performed alternatively with circular, horizontal and 

vertical polarisation.  

A spectrometer (Andor Shamrock, SR-500i) 

combined with an ICCD camera (Andor iStar, DH734-

18H-13) was used to record the laser-induced signals 

from flames. Spectra were accumulated from 100 

instantaneous spectral images. Subtraction of dark 

charge and background as well as flame spontaneous 

emission was performed for each accumulated spectral 

image. Vertical binning was then applied. Corrections 

were applied for variation of quantum efficiency with 

wavelength for the ICCD camera. 

Two ICCD camera heads (PCO, HFSC Pro) were 

used to simultaneously record single shot planar on- 

and off-resonance signals in flames. Off-resonance 

signals were collected using a 430 nm band-pass filter 

(Andover, FWHM = 10 nm), while fluorescence signals 

were collected using band-pass filters centred at 450 

nm and 410 nm for Stokes process and anti-Stokes 

process, respectively (Andover, FWHM = 10 nm). 

Dark charge and background subtraction was 

performed for each image, followed by matching two 

corresponding on- and off-resonance images.  

3. Results and discussion 

3.1 Effects of laser Mie scattering 
 

Figure 2 shows the spectrum of interference during 

collection of LIF of indium in the sooting flame. The 

spectra were recorded with the band-pass filters (450 

nm for the Stokes process and 410 nm filter for the 

anti-Stokes process) in front of the spectrometer while 

no indium was seeded into the flame. The start of the 

camera gate was synchronised with the start of the laser 

pulse. It can be clearly seen that both the laser Mie 

scattering and the broadband laser-induced emission 

contribute interference to the TLAF signal.  

The strength of the laser Mie scattering signal 

originating from soot at the excitation laser wavelength 

is several orders of magnitude stronger than the laser 

induced emission signal at the collection wavelength so 

that it leaks through the filter block band (OD ~ 3) and 

contributes to the total signal being collected. The 

magnitude of the laser Mie scattering signal is 

dependent on the polarisation of the laser beam [10]. 

By choosing a suitable polarisation for the excitation 

laser beams, the scattering signal can be reduced. 

Moreover, during the measurements, it was observed 

that the indium LIF signal excited by scattered laser 

photons is detectable using a laser power of 0.3 J/cm
2
 

for the Stokes process, working as a minor interference. 

The effects of the polarisation of the laser beam on 

the laser Mie scattering signal from soot particles is 

shown in Fig. 2. For the Stokes process with a laser 

fluence ~0.3 J/cm
2
, the ratio of scattered signal at 410 

nm derived from the horizontally polarised beam to that 

derived from the circularly polarised beam was 0.21. 

The ratio between the scattered signal at 410 nm and 

the fluorescence at 450 nm is 0.038 and 0.17, for 

horizontally polarised beam and circularly polarised 

beam, respectively, as shown in Fig.1a. For the anti-

Stokes process with a laser fluence ~0.25 J/cm
2
, as 

shown in Fig. 1b, the ratio of the scattered signal at 450 

nm derived from the circularly polarised beam to that 

from the vertically polarised beam is 0.38. The ratio 

between the scattered signal and fluorescence signal 

around 410 nm was found to be 0.77 and 1.96, for 

circularly polarised beam and vertically polarised 

beam, respectively. It is clear that the laser Mie 

scattering signal resulting from horizontally polarized 

beams is sufficiently weak to impose negligible 

interference on signals collected for TLAF in this way. 

 
3.2 Effects of different interference sources 

 

In addition to the laser Mie scattered signals, other 

interference sources also contribute to the TLAF 

measurement collected in Fig. 2, i.e., to the broadband 

measurement around 450 nm in Fig. 2a and around 410 

nm in Fig. 2b. Laser-induced fluorescence from PAH 

and laser-induced incandescence from soot particles are 

possible sources responsible for these interferences at 

the detection spectral channels. It is therefore important 

to evaluate the effects of these interference sources on 

both the Stokes and anti-Stokes measurement. 

Since PAH-LIF and LII signals have different 

spectral characteristics and temporal behaviour, time-

resolved spectra were recorded to distinguish them. Fig. 

3 presents the spectra recorded at 0ns, 30ns and 60ns 

after the laser pulse for both the Stokes and anti-Stokes 

processes. The gate width was kept constant at 30 ns 

for all measurements. The duration of the signal  

 

 
Figure 1: Schematic diagram of the experimental 

setup. 
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(b) 

(a) 

(b) 

(a) 

(b) 

 

 
 

Figure 2: Spectral emission, recorded through a band-

pass filter centered at (a) 450 nm for the Stokes process 

and (b) 410 nm for the anti-Stokes process. Spectral 

corrections were applied for variation of quantum 

efficiency with wavelength for the ICCD camera. 

 

 

 
 

Figure 3: Broadband spectral emission with different 

delay times. No band-pass filter mounted for this set of 

measurements. Gate widths were kept constant at 30 ns 

for each measurement. (a) Stokes process; (b) anti-

Stokes process. 

 

 
 

Figure 4: Interference and fluorescence signals as a 

function of laser fluence. (a) Stokes process; (b) anti-

Stokes process.  

 

generated by laser Mie scattering matches that of the 

laser pulse and, while the fluorescence of indium and 

PAH is slightly longer, its lifetime is also of the same 

order. Therefore, these signals only contribute to the 

spectrum collected over the first 30ns, denoted t = 0ns. 

In contrast, the duration of the LII signal is of the order 

of 100ns due to the relatively long time required for the 

heated soot particles to cool down. Therefore, it can be 

deduced that the broadband signals observed in the 

spectra at 30ns and 60ns is attributable only to LII. 

The broadband LII signal from heated soot 

particles is stronger at the longer wavelengths within 

the spectral range between 265 and 635 nm, as shown 

in Fig. 3. Therefore, the fluorescence signal collected at 

410 nm for the anti-Stokes process suffers less 

interference fromthe LII signal than does that collected 

at 450 nm for the Stokes process. Moreover, at t = 0ns, 

both the Stokes and anti-Stokes fluorescence signals are 

affected more by interference from broadband PAH-

LIF signals than by LII emission. However, the anti-

Stokes signal is more susceptible to PAH-LIF than is 

the Stokes signal, as the ratio of fluorescence signal to 

PAH-LIF interference is much lower for the anti-Stokes 

transition than is that for the Stokes transition, as 

shown in Fig. 3. Importantly, since both are broad-

band, the use of a narrow-band filter can be expected to 

efficiently reduce these interferences.  

In addition, as shown in Fig. 3a, in the spectrum at 

t = 0ns, the weak peak around 510 nm is expected to be 

derived from laser-induced sublimation of C2 species, 

which can be expected at these fluences.  

 
3.3 Effects of laser fluence 
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The influence of laser fluence on the TLAF 

fluorescence and interference signals is presented in 

Fig. 4 as a function of laser fluence for both Stokes and 

anti-Stokes processes. These signals were obtained by 

integrating the spectral intensity centred at the 410 nm 

and 450 nm with a spectral width of 10 nm. 

Figure 4 shows that the Stokes process reaches the 

non-linear excitation region at a laser fluence of ~ 0.05 

J/cm
2
, while the threshold for the anti-Stokes transition 

to non-linear excitation is less distinct but can be 

estimated to be around ~ 0.07 J/cm
2
. The Stokes 

interference exhibits a similar behaviour to the 

fluorescence signal and is only slightly lower in 

magnitude within the nonlinear regime. The trends in 

anti-Stokes signal are broadly similar, although the 

interference exhibits much greater scatter. This scatter 

is attributed to instability in the mode of the laser. 

Significantly, Fig. 4 implies that the ratio of 

fluorescence to interference for both the Stokes and 

anti-Stokes processes are independent of laser fluence, 

for fluences above 0.05 and 0.07 J/cm
2 

for the Stokes 

and anti-Stokes process, respectively.  

3.4 Feasibility of on- and off-resonance 
detection correction scheme 

 

By assessing the correlation between on- and off-

resonance images, the feasibility of applying a 

detection correction scheme for interferences was 

evaluated. 

It was found that the correlation between two on- 

and off-resonance images increases as the laser fluence 

increases. The average correlation coefficients obtained 

for 300 pairs of instantaneous images increases from 

0.74 to 0.88 corresponding to an increase in laser 

fluence from 0.08 J/cm
2
 to 0.32 J/cm

2
. A stronger 

correlation was found for the Stokes process than the 

anti-Stokes process. At a fluence of 0.08 J/cm
2
, the 

average correlation coefficient for 300 pairs of 

instantaneous images was found to be 0.74 and 0.59 for 

the Stokes and anti-Stokes process, respectively. 

However, even for the most correlated on- and off- 

resonance images acquired, the discrepancies were 

found to be unacceptable, which imply that, the 

uncertainty is still too high. In addition, both the on- 

and off-resonance images consist of complicated PAH-

LIF, laser scattering and LII signals, the relative 

contribution of which is difficult to determine and 

varies throughout the flame. This makes the effects of 

subtraction of the two images difficult to interpret. For 

these reasons, the on- and off-resonance detection 

correction scheme is of little value. 

4. Conclusion 

Three types of interferences to the NTLAF 

fluorescence have been identified: laser Mie scattering 

from soot particles, laser-induced fluorescence by PAH 

species and laser-induced incandescence by soot 

particles. For both the 410 nm and 450 nm with a 

FWHM = 10 nm band-pass filter, Mie scattering can 

contribute up to 50 % of the total interferences (from 

PAH-LIF and LII and scattering). Importantly, 

changing the polarisation of the excitation laser beams 

from circular to horizontal can reduce this interference 

to negligible levels. The PAH-LIF interference is 

broadband for both the Stokes and anti-Stokes signals. 

It is difficult to reduce PAH-LIF interference by 

controlling the excitation laser fluence or to separate it 

from fluorescence signals by manipulating the detection 

timing scheme. However, the use of a narrow-band 

filter is expected to efficiently reduce this interference. 

It was also found that LII signal influences the Stokes 

signal more than the anti-Stokes signal because the LII 

emission is stronger at the longer wavelengths. The 

application of narrow-band-pass filters can also 

suppress this kind of interference. 

The ratio of indium fluorescence to the 

interferences from PAH-LIF and LII near to the same 

wavelength was found to be independent of laser 

fluence for both Stokes and anti-Stokes processes.  

The potential use of simultaneous on- and off- 

resonance collection to allow subtraction of the 

interference was found not to be effective for 

interference correction. This is because the interference 

is derived from multiple sources with different and 

complex dependences on both the excitation laser and 

on the local composition, in which the ratio of the 

sources of interference, such as PAH and soot, vary 

dramatically in a turbulent environment.  
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Abstract 
The global performance of a series of attached turbulent diffusion flames using different hydrogen-ethylene fuel blends is reported for 

H2 volume fractions varying from 33 to 100%. The parameters assessed are the flame length, radiant fraction and emission indices of 

NOx and CO. For blended flames with constant exit strain rate, a transition regime was found for H2 fractions in the range 50%-65%. 

Below this range the flames are ethylene dominated while above this they are hydrogen dominated. The normalized flame length, 

Lf/dj, decreases with an increasing H2/mix ratio and this relationship becomes approximately linear as H2 fraction is varied from 70% 

to 100%. The NOx emission index for blended fuels tends to increase with H2 fraction, although for lower strain rate the trend is 

reversed for H2 fractions above 70%. The CO emission index also generally increases with H2 fraction for ethylene-hydrogen flames, 

except for very high H2 fractions, especially for flames with lower strain rate.  
 
Keywords: hydrogen-hydrocarbon blended fuels, turbulent diffusion flames, radiation fraction, pollutant emissions 
 

 

1. Introduction 

There is growing interest in the use of hydrogen as 

a component in gaseous fuel blends with hydrocarbon 

fuels because of their complementary nature.  

Hydrogen can be produced from intermittent renewable 

energy resources, such as wind and solar, to achieve a 

near carbon-neutral energy source. Fossil-derived 

hydrocarbon fuels are usually available at a lower cost 

and are continuously available but are non-renewable 

and have a high carbon-intensity. Hence it can be 

desirable to blend these fuels to achieve continuous 

supply with a moderate carbon-intensity. In addition, 

blending can avoid the need to store hydrogen and 

reduce the risk of flashback [1] thus lowering the cost 

of use. Furthermore, blending of hydrogen and 

hydrocarbon fuels may also play an important role in 

recent technologies such as lean combustion, which 

suppresses NOx emissions, since hydrogen extends the 

lean flammability limit [2]. However, hydrogen and 

hydrocarbon fuels have very different combustion 

properties so that variations in the blend ratio will result 

in the behavior of the resultant flame being different 

from flames of the pure components.  In particular, 

hydrogen has very much greater flame stability than do 

hydrocarbon fuels but much lower radiation due to its 

non-sooting behaviour. The absence of carbon in fuels 

of pure H2 has the obvious effect of avoiding the 

formation of soot; however the impact of H2 in blended 

fuels is much more complex. Furthermore, hydrogen 

has a much higher molecular diffusion, which can 

result in well-known differential diffusion effects.  The 

combination of these different effects means that it is 

impossible to determine the influence of hydrogen 

blending on flame radiation a priori and so direct 

measurements of the combined influences are needed. 

Although the global performance of blended fuels 

has been measured previously, significant gaps remain. 

Choudhuri et al. [3] measured a series of turbulent 

diffusion flames with a Reynolds number of 8700, 

while Wu et al. [4] reported measurements of the lift-

off and blow-off stability limits of pure hydrogen and 

hydrogen/hydrocarbon mixture jet flames. However, 

not all of these flames were attached to the burner, 

which is significant especially for jet burners with small 

diameters and/or for cases with high exit velocity. 

Where lift-off occurs it is impossible to isolate the 

chemical effects due to the addition of H2 from those of 

the different physical entrainment mechanisms for 

lifted and attached flames. Therefore, there remains a 

need to investigate the effect of varying the hydrogen 

volume fraction for flames that are all attached. In 

addition, the hydrogen volume fraction in the previous 

experiments [5, 6] were no higher than 67%. 

Furthermore, no previous hydrogen-hydrocarbon 

flames have been investigated under constant exit strain 

rate, u/d, which strongly influences the axial and  radial  

soot  volume  fraction  profiles [7, 8]. Therefore, the 

aim of the current investigation is to assess the effect of 

hydrogen blend ratio on the global performance of 

turbulent diffusion flames, using blended C2H4 and H2 

fuels with a hydrogen volume fraction ranging from 

33% to 100%, at constant exit strain rate. 

2. Methodology 

 

The experimental arrangement is shown in Fig. 1. 

A co-flow burner with a concentric air-jet diameter of 

150 mm surrounding a straight tube burner with a 

nozzle diameter of 4.4 mm and a length of 500 mm was 

used. The properties and specifications of the C2H4 + 

H2 blended flames (hereafter referred to as EH flames) 

are presented in Table 1.   
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2.1 Radiation intensity measurements 
 

A Schmidt-Boelter gauge (manufactured by 

Medtherm Corporation) was used as the sensor to 

measure the total radiation from the turbulent diffusion 

flames. The heat flux sensor is covered with a sapphire 

window to transmit 76% nominal radiation from 0.6-5 

microns, from a view angle of 150 ° [9].  

The transducer was positioned at a radial distance 

of 280 mm from the vertical (x) axis of the flame and 

traversed parallel to it with ±0.5mm precision. Ten 

thousand measurements were collected at 1000 Hz and 

averaged to obtain the radiative flux at each of 25 equi-

spaced heights, starting at the nozzle exit plane 

(±0.5mm) and ending at the flame tip, which was found 

to be sufficient for statistical convergence [10]. 

2.2 Flame shape measurement  
 

A tripod-mounted SLR camera (Canon EOS 6D) with a 

pixel array of 3168 × 4752 and a shutter speed of up to 

1/4000 s was used to “freeze” the transient shape of the 

images. The shape of each flame was averaged from 42 

images; the length of the flame from each image is 

defined as the distance between the burner nozzle and 

the most downstream flamelet, which is identified in 

each image by the most downstream pixel cell with 

intensity larger than 20 (arbitrary unit), similar with the 

definition of Langman et al [10]. The flame dimensions 

acquired in this way are repeatable within 3% error. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3 Global emissions measurement 

2.3 Global emission analysis 
Global emissions of NO, NOx, CO and CO2 were 

measured continuously for each flame using a Testo 

350 flue gas analyzer. The accuracy is ± 10 ppm for 

CO, ± 2ppm for NO, ± 5 ppm for NOx, and ± 3% of the 

reading for CO2. The resolution is 0.01% of the reading 

for the CO2 sensor and 0.1 ppm for the other sensors, 

while the response time for all sensors is less than 40 s. 

A mixture of the combustion products and ambient air 

was sampled from above the flame tip. The CO2 

concentration was used to calculate the extent of 

sample dilution with ambient air. The emission indices 

of NOx and CO are presented in g/kJ of energy input 

from the fuel. All emission indices are estimated to be 

repeatable to ± 10%.  

3. Results and discussion 

3.1 Heat flux distribution 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.2. Axial heat flux distribution for varying E:H ratio at constant 

fuel flow rate (Flame EH_01-EH_05). 

 

Fig. 2 presents the axial heat flux distribution from a 

series of flames with different ethylene/hydrogen ratios 

(E:H) but with the same total volumetric flow rate of 

fuel, and therefore with constant exit strain. The trade-

off is that the exit Reynolds number decreases with 

hydrogen addition, from Re0= ρVd/ν = 12,000, which is 

turbulent, to Re0= 1,450, which is transitional (Table 1). 

Hence further work is required to assess the influence 

of Reynolds number. All of these flames exhibit the 

well-known trend of heat flux peaking near to the 

middle of the flame [5, 10, 11]. As expected, the total  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Specifications and properties of the ethylene-hydrogen blended flames 

 

Flame 

code 

Jet 

Diameter 

(mm) 

 

Total 

flow 

rate 

(l/min) 

Mixture 

density 

(kg/m3) 

 

Mixture 

viscosity 

(kg.m-1.s-1) 

 

Volume fraction Strain Rate 

v/d 

(×103 s-1) 

Re 

(ρVd/ν) 

Air co-flow 

velocity 

(m/s) 
C2H4 /mix 

(vol%) 

H2/mix 

(vol%) 

EH_01 4.4 30 0.8157 9.939×10-6 66.7 33.3 7.473 1.19×104 0.7 

EH_02 4.4 30 0.6340 1.018×10-5 50.0 50.0 7.473 9.01×103 0.7 

EH_03 4.4 30 0.5251 1.031×10-5 33.3 66.7 7.473 7.37×103 0.7 

EH_04 4.4 30 0.3075 1.039×10-5 16.7 83.3 7.473 4.28×103 0.7 

EH_05 4.4 30 0.0899 9.000×10-6 0.0 100 7.473 1.45×103 0.7 

EH_06 4.4 45 0.8157 9.939×10-6 66.7 33.3 11.21 1.78×104 0.7 

EH_07 4.4 45 0.6340 1.018×10-5 50.0 50.0 11.21 1.37×104 0.7 

EH_08 4.4 45 0.5251 1.031×10-5 33.3 66.7 11.21 1.11×104 0.7 

EH_09 4.4 45 0.3075 1.039×10-5 16.7 83.3 11.21 6.42×103 0.7 

EH_10 4.4 45 0.0899 9.000×10-6 0.0 100 11.21 2.18×103 0.7 

 

 

Fig.1. Schematic diagram of the experimental 

arrangement 
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radiant fraction decreases with an increase in hydrogen 

volume fraction (xv). This is consistent with the 

reduction in soot concentration associated with the 

reduction in the C/H ratio [12]. In addition, the location 

of the peak radiant fraction for the EH flames is 

translated further downstream (relative to the flame 

length) with decreasing E:H ratio. This implies that 

hydrogen delays the onset of the inception of soot 

formation, which typically occurs closest to the nozzle 

[13].  

3.2 Radiant fraction 
 

The radiant fraction is defined by (1),  

 

χr=
  

  
=

    ∫   (    ̇ 
 

     ̇
                                     (1) 

 

where,    is the total radiated power (kW),    is the 

total thermal power of the flame (kW), R is the radial 

distance from the nozzle exit to the transducer, m is the 

mass flow rate of the fuel (kg/s), and HHV is the higher 

heating value of the fuel (kJ/kg) [10]. The measured 

radiative heat flux,   (   (kW/m
2
), is integrated from 

the nozzle exit (x = 0) to the flame tip (x = L).  

It is clear from Fig.3 that the radiant fraction of EH 

flames decreases by two-thirds as xv is increased from 

33% to 100%. This can be attributed to a decrease in 

the radiant heat flux due to a decrease in both soot and 

carbon dioxide formation [3].  

 
 

 Fig.3. Radiant fraction as a function of H2 fraction for EH flames 

(see Table 1 for details) compared with the piloted flames from Turns 
et al. at constant ethylene flow rate [5]. Strain rate u/d is in the unit of 

103 s-1.   

 

Consistent with previous measurements by Turns et al. 

[5], in which χr was found to decrease slightly when 

hydrogen was added at constant total ethylene flow 

rate, for the present measurements χr was found to 

decrease dramatically for decreasing E:H at constant 

u/d. Further work is required to determine how much of 

this difference is due to the influence of the ethylene 

pilot flame and how much to differences in Reynolds 

number. It can also be seen that the dependence of χr on 

E:H exhibits two distinct regimes; For blends in which 

the xv is less than 50%, the flames are ethylene 

dominated and the radiation fraction decreases only 

weakly with a decrease in E:H. However, in the 

hydrogen dominated regime, i.e. E:H < 0.5, χr decreases 

strongly with further decreases in E:H.  

3.3 Flame length  
 

Fig.4. presents the variation in the flame length with the 

fuel E:H blend ratio. It can be seen that the Lf  

decreases with an increase in hydrogen fraction, which 

is consistent with some previous studies [1, 6]. This can 

be attributed to the increase in the radical pool 

produced from H2-O2-air combustion reaction, such as 

H and OH radicals, which consequently enhances the 

burning velocity and thereby reduces the overall flame 

length [3]. This trend is inconsistent with the 

measurements of Turns et al. [5], which may be 

because they increased the total flow rate with the 

increase in hydrogen addition. Also, in contrast with 

previous experiments, with xv up to 53% [5, 6] (shown 

as the red symbols in Fig. 4) the current measurements 

extend to xv = 100%, corresponding to pure hydrogen 

flames. These data show that the normalized flame 

length, Lf/dj, decreases linearly with an increase of the 

hydrogen constituent, except for flames with higher exit 

strain over the range xv = 70%-100%, although it 

should be noted that Re0 decreases through the 

transition range for these measurements. 

 
 

Fig.4. Normalized flame length Lf/dj as a function of H2 fraction for 
EH flames (see Table 1 for flame details), compared with the piloted 

flames from Turns et al. at constant ethylene flow rate [5]. Strain rate 

u/d is in the unit of 103 s-1. 
 

3.3 Emission indices  
 

Emission indices for NOx and CO were calculated 

using eqn (2). 

 

    
  

(         
 (

      

        
)     (2) 

where    is the mole fraction of species i (for i = CO or 

NOx),     ,      
 are mole fraction of CO and CO2, nC 

is the number of carbon atoms per mole of fuel,  MWi is 

molecular weight of species i, and, MWf and HHVf are 

the molecular weight and higher heating value of the 

fuel, respectively. Note that emission indices for xv = 

100% were not calculated. 
The emission index of NOx is plotted in Fig. 5 as a 

function of fuel hydrogen volume fraction. The NOx 
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emissions increase with increasing xv. This can be 

explained by thermal NOx being the dominant 

mechanism since the adiabatic flame temperature of H2 

is 114 K higher than that of ethylene and because  the 

radiant fraction decreases with an increase in 

hydrogen:mix ratio (Fig. 3). This is also consistent with 

Choudhuri et al. [3]. This shows that the trends are 

dependent on strain-rate and/or Re, so that care should 

be taken in seeking to generalise these findings. 

 
 
Fig.5. Emission index of NOx as a function of H2 fraction for EH 
flames (See Table 1 for flame details)., as compared with the piloted 

flames from Turns et al. at constant ethylene flow rate [5].  

 

The emission index of CO, plotted in Fig. 6 as a 

function of the fuel E:H blend ratio, increases with H2 

addition up to about xv = 50%, which is consistent with 

the observations of Ghafour et al. [6]. The overall CO 

emission is mainly influenced by two competing 

parameters: i) flame residence time, defined as 

Tr=Lf
3
/ujdj

2
, with shorter residences times inhibiting 

completion of the CO oxidation process [14], and ii) the 

carbon input rate – the reduction of which will lower 

EICO. For EH flames with higher strain rate, the EICO is 

constant for flames with H2 fraction below 50% but 

increases as H2 content increases, corresponding to a 

decrease in Lf, or rather Tr, which indicates that Tr is the 

dominant effect  on  CO emissions for EH flames with 

higher exit strain rate.  On the other hand,  for EH 

flames with lower strain rate, the decrease of carbon 

input rate balances the effect of the reduction of Tr at 

H2 content greater than 50%, which results in a 

relatively slow growth of EICO between 50% to70% H2, 

and eventually to a decrease of EICO as xv exceeds 70%. 

 
Fig.6. Emission index of CO (EICO) as a function of H2 fraction for 

EH flames (see Table 1 for details).  

4. Conclusions 

The axial height corresponding to the peak 

radiation fraction decreases (i.e. moves upstream) as 

the hydrogen fraction in the fuel mix is increased at 

constant strain for hydrogen-ethylene fuel blends, but 

moves downstream relative to the length of the flame. 

For ethylene-hydrogen flames, a transition stage 

was observed for H2 fractions in the range 50%-65%, 

below which the flames are ethylene dominated, and 

above which the flames are hydrogen dominated. 

The normalized flame length, Lf/dj, decreases with 

an increase of the H2/mix ratio when the H2 is added at 

constant strain, which contrasts earlier work in which it 

was found to increase when added at constant C2H4 

flow rate. 

The NOx emission index tends to increase with 

hydrogen fraction, although the trend reverses at high 

H2 fractions at low strain rates suggesting NOx 

emissions may be dependent on the exit strain rate. 

The CO emission index increases with H2 fraction 

for ethylene-hydrogen flames, but with some 

exceptions in high H2 fraction region for flames with 

lower strain rate. The overall EICO level is determined 

by the competing impacts of flame residence time and 

carbon input rate. Nevertheless, it should be noted that 

the variation in composition at constant strain implies a 

change in Reynolds number and further work is 

required to isolate the influence of Reynolds number on 

the above findings. 
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Abstract 
Swirl is imparted into free and impinging nozzle flows as well as jet flames to affect convective heat transfer, fluid mixing or flame 

stability. At the nozzle exit plane, the emerging flow strongly influences downstream flow development and so factors which impact 

upon the emitted flow are worthy of study. This paper presents preliminary CFD analyses into the effect of design parameters and 

operational settings on the emerging flow at the exit plane for a swirl nozzle (Remax~30,500). The research was conducted in the pre-

manufacture stage to optimise the nozzle. Swirl is aerodynamically generated using multiple tangential ports located upstream of the 

exit plane and the streamwise flow is augmented with flow from two axial ports located at the nozzle base. Before reaching the exit 

plane, all flows pass through a contraction en route to a straight section of length (L). Factors studied in this paper include the angle of 

(inlet) tangential ports, the total length of the straight section (L), the ratio of axial-to-tangential inflows and the Reynolds number. 

Results show that larger tangential port angles and a shorter straight section help develop a modestly greater swirl number, but flows 

become less uniform as (L) is reduced. Swirl numbers only double if (tangential) inlet port flows are tripled. 

 
Keywords: turbulent, swirl, nozzle, design optimisation, CFD. 
 

 

1. Introduction 

 

Compared to unconfined non-swirling jets, swirl 

generally yields larger jet spread and causes stronger 

centreline velocity decay and downstream vortex 

breakdown [1, 2]. In unconfined non-premixed flames, 

swirl affects stability characteristics [3] and steadiness 

[4]. However, with impingement studies, swirl inclusion 

has varied effects on heat transfer at the impingement 

surface with some [5, 6] reporting reduced heat transfer 

at impingement compared to non-swirling jets. The 

presence of a recirculating zone at the stagnation region 

has a similar effect [7]. Whilst this view is supported by 

some [8] who find no effects from swirl on the radial 

uniformity of impingement heat transfer, others suggest 

swirl has a positive influence on heat transfer [8-11], 

including improved uniformity [5, 12, 13]. In impinging 

flows, the variety of means used to impart swirl 

complicate this understanding of transition from non-

swirling to swirling jets. Geometrically generated swirl 

has the potential to cause a dead-zone around the 

centerline and the jet may divert into multiple streams of 

flow before it impinges [11, 12, 14]. As a result, flow 

and heat transfer characteristics show drastically 

different results, even at no swirl, compared to 

conventional jets (pipe flow) [11, 13, 15]. Thus, 

aerodynamically generated swirl may facilitate insights 

into the transition from non-swirling-to-swirling jets, 

which is the focus of this study. With such diversity in 

reported outcomes and the realization that swirl flow 

uniformity (at the exit plane) affects downstream 

development, this study is part of a wider program into 

effects of swirl on heat transfer in turbulent impinging 

jets. In such studies, developing a swirl nozzle is first 

required but the effects of various design and 

operational parameters on the emerging flow are not 

always well understood. This paper presents 

computations to predict (pre-manufacture), the effects of 

various design constraints and operational parameters on 

flow development at the exit plane. 

Swirl studies using RANS based simulations are 

available in literature [16-18]. The majority investigate 

the effects of flow parameters on flow characteristics 

and occurrence/stability of vortex breakdown, without 

considering the effects of design parameters on flow 

uniformity at the exit plane. Despite their relative 

simplicity, RANS approaches are in good agreement 

with experiments and capable of reproducing the steady-

state flow-field of swirling jets at low swirl numbers 

[16-18], as applied in this study. Multiple expressions 

for swirl intensity are present [19] with swirl numbers 

usually defined based on the ratio of either the 

momentum or the velocity, of the tangential component 

to the axial component. Swirl intensity has also been 

expressed through the geometric properties [20]. In the 

present study, a dimensionless swirl number (S) is used 

and calculated via (1) as the ratio of the mean tangential 

velocity <W> to mean axial velocity <U>, both 

measured at the nozzle exit plane: 

W
S

U

 

 

     (1) 

2. Methodology 

 

Computational Fluid Dynamics (CFD) is used to 

optimise the swirl nozzle to analyse the effects of 

operational and design parameter changes on flows at 

the exit plane. To achieve this, COMSOL 

Multiphysics™ (v4.3) was deployed to single phase 

flows (air at 20C, ref. pressure 1atm) which were 

solved in steady-state using the k-ε turbulent flow model 

(walls are assumed with no-slip). Figure 1 gives more 

details on the nozzle and the 3D fluid domain modelled. 

The effects of changing the axial-to-tangential inflows 
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(section A
1
 and T

2
), which varies the Reynolds number, 

and the angle of the tangential inlet ports (15° or 25°) as 

well as the downstream location of the contraction 

(section C
3
) from the exit plane (L=123 to 423mm) were 

all tested via CFD. Contractions are typically based on 

(internal) profiles which are known to produce exit 

velocities of non-uniformities of 2% (or less) and 

include the Batchelor-Shaw (BS) nozzle, the Cubic 

Equation (CE) contour nozzle and the ASME low and 

high beta nozzles [21]. In the nozzle designed, the CE 

contour was applied with length (75 mm) slightly less 

than twice the inner (cavity) diameter (40 mm). Flow 

rates imposed in the model have an upper value of 

0.0148 m
3
/s which reflects a peak delivery of 0.888 

m
3
/min. Table 1 presents the inflow conditions tested in 

the CFD simulations and the corresponding Reynolds 

numbers derived as: 

U D QD
Re

A 

 
     (2) 

In this regard, (D) is the inner nozzle diameter at the 

exit plane (40 mm), (Q) is the volume flow rate (m
3
/s), 

(A) is the cross-sectional area at the exit plane (m²), 

<U> is the bulk fluid velocity (m/s) and (ν) 

the kinematic fluid viscosity (1.51 x 10
-5

m
2
/s). Table 1 

also gives a breakdown of the combined flow across 

both axial ports (section A) and inflow at each tangential 

port (section T) as applied in the simulations. The 

ensuing results section presents the outcomes of CFD 

investigations to help identify the relative significance of 

modifying these various inflows on the swirl number 

formed at the exit plane. As shown in Fig. 1, in the fluid 

geometry developed, a rectangular co-ordinate system is 

used where the z-axis corresponds to the axial or 

streamwise direction (U). To obtain the tangential 

velocity component (W), the co-ordinate transformation 

for the velocity components was done as follows: 

W V sin V cosx y       (3) 

where, Vx and Vy are the velocities in the x- and y-

directions in the Cartesian coordinate system, and the 

angle denoted by θ is defined as θ = atan (y/x) . 

3. Results and Discussion 

The study first determines the resulting swirl 

numbers if operational parameters, like the ratio of 

axial-to-tangential port inflows, change (pending 

experiments to validate). Such CFD predictions provide 

a valuable insight at the pre-manufacture stage. To 

achieve this, several ratios of axial-to-tangential flow 

rates are selected whereby total flows are proportioned 

from 0:100 (all streamwise flow via tangential ports 

which yields peak swirl number) to 100:0 (all the 

streamwise flow via axial ports which gives S=0). 

                                                           
1
 Axial section (A): In the physical nozzle, this includes a series of 

mesh screen and honeycombs to produce a more uniform velocity 
profile. In the CFD model, the top of section (A) forms an inlet port 

into the fluid domain and is assumed with a uniform velocity profile. 
2
 Tangential section (T): Imparts swirl into the flow via three 

circumferential ports angled at () and inclined 20 off the horizontal. 
3
 Contraction section (C): This coalesces the tangential/axial flows. 

Figure 2 shows the results of this analysis and reveals a 

non-linear relationship between the ratio of axial-to- 

tangential inflow and swirl number. 

The second aim is to study at the effects of design 

variations on the swirl number and flow uniformity at 

the exit plane and achieved by looking at two design 

parameters. Initially, the effects of changing the angle of 

tangential port entry was varied from 15° to 25° at the 

lowest Reynolds number (Re=10,000). This level of 

(Re) was selected in the simulations so as to see the 

effects on the minimal swirl number expected because it 

was believed that if a significant change in (S) resulted 

between 15 and 25, then it is more than likely to also 

do so for higher Reynolds numbers. Figure 3 shows that 

varying () has minimal effect on (S).  Secondly, the 

effect of changing the length of straight section (L) on 

(S) is analysed. This is an important consideration 

because although extending the length of straight 

sections may help ensure a fully developed turbulent 

pipe flow by the exit plane, additional lengths also 

imposes manufacturing costs and may lead to swirl 

decay. This analysis was done at Re= 30,543 as (S) 

developed at this level would likely constitute a peak 

value for the geometry and operational parameters 

tested. To change the value for (L), the nozzle was 

designed in a modular manner, whereby (L) could easily 

be varied by adding/removing sections (Fig. 1). Results 

for these simulations are presented in Fig. 4 and Fig. 5 

and show that as the number of straight sections is 

reduced, (S) increases at the expense of flow uniformity. 

In relation to flow uniformity at the exit plane, the 

results show that a full-developed turbulent (pipe) flow, 

having a flatter central profile, is more likely to emerge 

at L=423 mm compared to lesser values. The minimal 

changes observed between L=323 mm and L=423 mm 

may also indicate a fully developed flow exists, in line 

with turbulent pipe flow theory and attaining fully 

developed flows after travelling a length of ~10 times 

the diameter at the entrance [35-37]. In our case the 

diameter, of relevance is the 40mm port opening at the 

end of the contraction (section C). 

4. Conclusions 

 

Swirl numbers (S) at the exit plane are a complex 

interaction of geometrical elements and operational 

parameters. Results demonstrate that CFD can be used 

to predict likely swirl numbers and flow uniformity. 

Further experimental results are needed to validate the 

predictions. The results also indicate the likely 

occurrence of a fully-developed turbulent (pipe) flow 

profile at exit and that using a 15 inclination angle is 

also sufficient and that no significant improvement in 

(S) is expected for 25. 
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Figure 1. Nozzle dimensions (top - left) and the length of the 

straight section which  was varied (L=123mm - 423mm). Also 

shown is the final manufactured nozzle (top centre), the fluid 

domain modeled using CFD (top right) and the angle of 

tangential ports which was varied (bottom left, =15° or 25). 

The port inclination off the horizontal (bottom right) was 

always 20. Images not to scale. 

 

Table 1. Inflow conditions imposed in the CFD simuations. 



 

- 274 - 

Figure 2. Predicted swirl numbers at different ratios of axial-to-
tangential port inflows for Re=10,000 to 30,543 (Length L = 423mm). 

 

Figure 3. Predicted swirl numbers at different orientations of tangential 

ports for Re=10,000 (Length L = 423mm). 

 

Figure 4. Predicted swirl numbers at different lengths upstream 
of the exit plane for Re=30,543 (L=123 for 0 strraight sections, 

L=223 for 1 straight section, L=323 for 2 straight sections and L 

= 423mm for 3 straight sections). Fig 1 shows dimension L. 

 

 

 
 

 
 

 

 

 

 

 
 

Figure 5. The effects of changing straight section length on the 

uniformity of velocity magnitude at the exit plane for Re =   
    30,543 and axial-to-tangential flow = 0:100. (From the top: L  

     = 423mm, L = 323mm, L = 223mm, L = 123mm)
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Abstract 
This paper presents supporting calculations of turbulent flames with inhomogeneous inlet conditions using Large Eddy Simulation 

(LES). The burner, a modification of the well-known Sydney piloted burner, comprises an additional inner tube which can be recessed 

to provide mixtures at the nozzle exit with varying levels of inhomogeneity. It was found in the experiments that the stability of the 

flames could be significantly enhanced by stratifying the fuel-air mixture at the nozzle exit.  

The presented work sheds more light into the flame physics through LES simulations using detailed chemistry to account for finite-

rate effects such as extinction. The calculations reproduce the global features of the flames such as the measured velocity profiles and 

in particular the stability improvement due to inhomogeneity in the inlet streams. A detailed analysis of the flame structure showed, 

that this enhanced stability could be largely related to the increased presence of mixed-mode combustion as compared to the fully 

homogenously mixed case, where non-premixed combustion is the dominant mode. 

 
Keywords: Large Eddy Simulation, stratification, turbulent combustion 
 

 

1. Introduction 
While the conventional classification of combustion 

distinguishes between premixed and non-premixed 

regimes, mixed modes of combustion or partial 

premixing is a common scenario in many practical 

devices such as direct injection stratified charge 

engines (DISC) or homogenous charge compression 

ignition engines (HCCI). A fundamental understanding 

in these regimes is vital and requires the knowledge of 

the turbulent flow field interacting with the flame 

physics spanning over a wide range of mixture 

fractions.  

In recent years a more systematic attention has 

been drawn towards these modes and the stratified 

burners developed at the Technical University of 

Darmstadt [1] and the University of Cambridge [2] 

should be mentioned in this context. More recently, 

Meares and Masri [3] modified  well-established 

Sydney piloted burner [4] by adding to the central jet an 

inner tube which can be recessed. Mixtures with 

varying levels of inhomogeneity can be provided at the 

exit: at zero recession, the flames are fully non-

premixed and transition to the fully homogeneous 

partially premixed limit at sufficiently large recession 

distances. An “optimal” stability point was found not in 

these extremes but rather at some intermediate 

recession distances.  

This paper aims to support the experimental 

findings of Meares and Masri [3] by performing Large 

Eddy Simulation (LES) of two selected flames, one 

fully homogenous and one inhomogeneous case. The 

calculations attempt to shed light on why initial 

inhomogeneity at the nozzle exit can enhance the 

stabilization of the flame. LES is a well-established tool 

for accurately predicting turbulent flames, even in 

complex industrial geometries [5], and thus well suited 

to complement the experiments by providing detailed 

information of the instantaneous velocity field and the 

time correlated reactive scalar field, which are not 

accessible through conventional planar laser imaging.  

The paper is structured as follows. First, a brief 

overview of the experiment will be provided and details 

on the modeling and numerics will be given. 

Quantitative comparisons of two representative cases 

will be shown for the velocity field. More detailed 

scalar information will then be provided from the LES 

calculations to further analyze the structures of the 

flames and the mechanisms leading to enhanced 

stability due to stratification.  

 

2. Test case formulation 
 

2.1 Burner setup 

 

The recently developed burner [3] subject to the 

investigations reported in this paper is strongly based 

on the well-established Sydney and Sandia piloted 

burner [4, 6] and is schematically shown in Figure 1. It 

consists of two concentric tubes referred to as the 

“inner” pipe with an inside diameter of Di=4mm (wall 

thickness of 0.25mm) and an “outer pipe” with an 

inside diameter of Do=7.5mm (wall thickness of 

0.25mm). The outer tube is shrouded by the pilot 

stream of a stoichiometric acetylene-hydrogen-air 

mixture with an unburnt mixture bulk velocity of 3 m/s 

which has an inside diameter of Dp = 18mm and a wall 

thickness of 0.2mm. The burner assembly is centered in 

a wind tunnel with a square cross section of 15x15cm 

providing a uniform coflow of ambient air at 15 m/s. 

Fuel can be injected through the inner tube while air 

flows in the outer tube (referred to as FJ200) or vice 

versa (labeled FA200). In the present study the focus is 

on the FJ200 case.  
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Meares and Masri [3] characterized the mixture 

fraction profiles at the nozzle exit via Rayleigh 

measurements. These profiles across the jet diameter 

are shown in Figure 2 for five different recession 

lengths (Lr=0, 50, 100, 150 and 300 mm). If both tubes 

are flush, i.e. Lr=0 mm, the flame configuration is 

essentially non-premixed. With increasing recession 

distance, the fuel distribution becomes increasingly 

inhomogeneous until it reaches a fully mixed 

homogenous limit seen at Lr=300 mm. It should be 

noted, that the fully mixed case at Lr=300 mm can still 

be considered as a diffusion flame having a richer  

mixture than e.g. the Sandia Flames [6], which is well 

above the flammability limits. 

 

 
Figure 1: Schematic drawing of the investigated 

burner [3]. 

 
Figure 2: Radial profiles of the mixture fraction at 

the jet exit taken from the Rayleigh measurements 

by Meares and Masri [3] for the two investigated 

cases LR100  and LR300. 

 

The recession of the inner tube results in 

distinctively different stability characteristics, which 

are shown in Figure 3 in terms of the blow-off velocity 

versus the inner tube recession distance for the FJ200 

case. The blow-off point was hereby defined as the bulk 

velocity at which the mean centerline temperature 

drops to below 500K at x/D=50 [3]. It is evident, that 

the blow-off velocity, which represents the stability of 

the flames, increases from about 75 m/s, when both the 

inner and outer tube are flush, to an “optimum” of 

about 160 m/s at 100 mm recession length and then 

decreases to a value of 120 m/s.   

 
Figure 3: Blow-off velocity curve for the FJ200 case 

with different inner tube recession lengths ranging 

from 0 to 300 mm. The black markers indicate the 

investigated cases LR100 and LR300 with the same 

bulk velocities of 82 m/s and recession distances of 

100 mm (at 50% blow-off) and 300 mm (at 70% 

blow-off) respectively. 

2.2. Investigated cases  
 

The two investigated cases refereed to hereon as 

LR100 and LR300 are highlighted in Figure 3 by the 

black markers. In both cases, the overall bulk velocity 

of the flow is 82 m/s with a global mixture fraction of 

0.235 (overall ratio of supplied fuel and air by mass) 

and the inner tube recession lengths are 100 mm and 

300 mm respectively. As indicated in Figure 3, the 

LR100 case is at 50% of the blow-off limit whereas the 

LR300 case is at 70%. 

2.3 Numerical setup 
 

The in-house LES code BOFFIN developed by 

Jones et al. [7] at Imperial College London is used to 

solve the spatially filtered equations of motion and 

scalars. The code, based on a low-Mach number 

formulation, comprises second order discretization 

schemes for all spatial gradients except for the 

convective terms in the scalar equations, for which a 

TVD scheme is employed to avoid unphysical over and 

under shoots. A dynamic Smagorinsky model by 

Piomelli and Liu [8] is employed for the sub-grid 

stresses and the chemical reactions represented by a 

reduced GRI 3.0  involving 19 species [9] are directly 

integrated using a stiff ODE solver. The sub-grid 

fluctuations on the filtered chemical reaction term in 

the species equations are neglected, which corresponds 

to the ILES approach by e.g. Duwig et al. [10]. It is 

also equivalent to the stochastic field method [11, 12] 

using a single field.  

The computational grid comprises an inverted 

pyramid as in previous works [13] with a total of 1.5M 

cells and extends 35 diameters downstream of the 

nozzle. The inlet plane corresponds to the exit of the 
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burner. Synthetic turbulent inflow by the method of 

Klein et al. [14] is prescribed at the inlet plane using 

the measured mean and rms velocities by Meares and 

Masri [3]. Scalar inflow profiles based on Figure 2 

were provided at the inflow in the absence of the full 

geometry representation. To provide a better 

characterization of the instantaneous velocity-scalar 

correlations at the nozzle exit it would be desirable to 

start the computational domain further upstream and 

include the outer pipe. This, however, will be subject to 

future work. 

3. Results 

3.1. Quantitative comparisons 

 

Comparisons with the LDV measurements by Meares 

and Masri [3] are shown in  

Figure 4 in terms of radial profiles of the mean and rms 

velocities at three different axial downstream position 

x/D=10, 20 and 30 for the two cases LR100 and 

LR300. The axes have been normalized with the outer 

jet diameter D=7.5 mm. The close similarities between 

the two flames have been reproduced and the 

agreement for both the mean and rms is overall good. 

Some under predictions of the mean in the jet core 

region and over-prediction of the spreading can be seen 

downstream and this together with the over-prediction 

of the rms values indicates a premature jet breakup.  

While the agreement is encouraging and supports 

the choice of the numerical setup, a more 

comprehensive scalar validation is desirable to gain a 

better confidence and this will be subject to future work 

by comparisons with scalar measurements to be taken 

at Sandia’s Combustion Research  acility.  

 
 

Figure 4: Radial profiles of the mean and rms 

velocity for the two investigated cases LR100 and 

LR300 with experimental LDV measurements [3] 

3.2. Flame structure analysis 

Instantaneous representations of the reactive scalar field 

for the two flames LR100 (at 50% of blow-off) and 

LR300 (at 70% of blow-off) are shown by OH 

snapshots in Figure 5. The experimentally observed 

increased stability for the LR100 case summarized in 

Figure 3 is reconfirmed in that the LR300 recession 

case shows a higher amount of flame breakages and in 

fact exposes an entire flame hole from about x/D=10. 

Radial profiles of the temperature T and mass fractions 

of CH4 are shown in  

Figure 6 at three axial locations x/D=5, 10 and 20. 

Results are only shown for the simulations, as there are 

currently no experimental measurements available for 

these quantities. The mixing field globally represented 

by the fuel mole fractions shows distinctively different 

profiles and this is a result of the inflow conditions seen 

in Figure 2. The temperature profiles again confirm that 

the stratified case LR100 is more stable than the 

homogenous LR300 case, where local extinction leads 

to a significant depression of the temperature profiles.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: OH snapshots for the 100 and 300 mm 

recession case. 

 

Meares and Masri [3] defined a stratification factor 

based on the mixture fraction gradients at the nozzle 

exit and related the enhanced stability to this quantity. 

To further investigate this, the conditionally averaged 

resolved scalar dissipation rate is plotted in the 

flammable mixture fraction range 0.03< ξ < 0.13 in  

Figure 7. Two axial locations (x/D= 10 and 20) are 

presented in the figure. It is evident, that the dissipation 

rates are of similar order of magnitude in both flames at 

both positions. This suggests that the mixture fraction 

gradients at the nozzle exit may not be a decisive factor 

for the different stability limits.  

 
Figure 6: Radial profiles of the temperature and 

CH4 for the two flames LR100 and LR300 at x/D=5, 

10 and 20 

 

To further investigate the combustion modes present in 

the flames, the Takeno index [15] defined as the 

product of the fuel and oxidizer gradient 

ÑYCH4
·ÑYO2

 is shown in  Figure 8 for the two 
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investigated flames at two axial positions x/D=10 and 

20. This quantity is a good indicator of the dominant 

flame mode and takes a positive value for premixed and 

negative value for non-premixed combustion.  It is 

clear, that premixed and diffusion flame modes are 

balanced for the LR100 case, whereas the LR300 case 

shows a strong bias towards the non-premixed mode. 

The increased occurrence of premixed combustion may 

thus be an important factor for the superior stability in 

the LR100 recession case. This will be further 

investigated in more detail in future. 

 

 

 
 

Figure 7: Resolved scalar dissipation rates for the 

two flames with 100 mm and 300 mm inner tube 

recession at x/D=10 and 20 

 

 

 
Figure 8: Probability of finding non-premixed or 

premixed combustion in the flammable mixture 

fraction region 0.03 < ξ < 0.13 determined by the 

Takeno index [15] defined as 
24 OCH YY  .  

4. Conclusion 

This paper presented supporting numerical calculations 

for a recently developed burner with inhomogeneous 

inlets. Large Eddy Simulation along with detailed 

chemistry and the and following conclusions are drawn: 

 Quantitative agreements with LDV measurements 

of the velocity field were obtained  

 The simulations were able to predict the trend seen 

in the experiments in that the inhomogeneous case 

LR100 results in enhanced stability compared to 

the homogeneous case LR300 

 Scalar dissipation rates were seen to be of similar 

order of magnitude in the reactive regions for both 

the LR100 and LR300 cases indicating, that the 

present mixture fraction gradients may not be a 

decisive parameter to influence the flame stability. 

 Premixed combustion occurs to a much stronger 

extent in the LR100 case than in the LR300 case 

and this could be an important factor for enhancing 

the flame stability. 

These findings highlight the potential of LES to 

complement experiments with advanced analyses of the 

flame structure. Future work will aim to further validate 

the quality of the LES calculations with detailed species 

measurements. A more detailed analysis of the impact 

of premixed combustion on the stability of the present 

partially-premixed flames will also be further targeted.  
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Abstract 
This paper reports the first measurements of temperature in turbulent dilute spray flames of acetone using non-linear excitation 

regime two-line atomic fluorescence (NTLAF), a technique well suited for temperature measurements in flames laden with particles 

and droplets. The NTLAF technique has previously been successful at measuring temperature in turbulent non-premixed flames of 

gaseous fuels in the presence of soot. Temperature is extracted from the fluorescence ratio collected of two lines of indium generated 

from indium chloride which is seeded into the flow. The non-linear excitation regime is exploited to improve the signal-to-noise ratio 

of the measurements. In the current arrangement, indium chloride is seeded with the acetone fuel and laminar premixed flames of 

methane are used for calibration. The preliminary results are promising and indicate that the presence of droplets does not affect the 

signal, making NTLAF particularly well-suited to measure temperature in turbulent, dilute spray flames.  

Keywords: Non-linear excitation regime TLAF, Thermometry, Spray flames, Turbulent combustion 
 

 

1. Introduction 

Spray combustion is important in transport and 

industrial applications as well as power generation where 

typically dense, transient liquid spray jets are injected as 

fuels. Measurements in such flows are extremely 

difficult due to the presence of dense liquid filaments, 

droplets and soot. Statistically stationary, dilute spray 

flames are seen as an important class of flows with 

manageable complexity yet relevant for the development 

of fundamental understanding of spray combustion [1]. 

Well-characterised, dilute spray burners enable the 

application of laser-based measurements in well-

characterised flames for the purposes of model validation 

[2]. A review of dilute spray combustion, with a 

particular focus on modelling of these flames, is 

provided by Jenny et al. [1]. 

 

Renewed interest in clean alternative fuels and 

recent advances in laser diagnostics has enabled the 

development of new capabilities to probe dilute spray 

flames. For example, laser-induced fluorescence (LIF) 

imaging of selected species in-situ within a flame, such 

as OH, CH2O, or fuel vapour has been applied along 

with Mie scattering from the fuel droplets [1,3]. More 

recently, high-speed OH-LIF imaging has been used to 

reveal the evolution of the reaction zone [4] in turbulent 

spray flames. However, measurements of critical 

parameters such as mixture fraction and temperature in 

spray flames remain elusive [5]. This paper addresses 

one of these problems and introduces an approach to 

measure temperature in dilute spray flames. 

 

The two-line atomic fluorescence (TLAF) technique 

has been demonstrated as a viable approach to collect 

temperature measurements in flames containing soot. 

The operating principle of TLAF is the sequential 

excitation from two lower energy states of an atomic 

species, typically indium. The resultant fluorescence is 

detected at the opposite wavelength of the excitation 

process. For convenience these transitions are referred to 

as Stokes (410nm excitation, 450nm detection) and anti-

Stokes (450nm excitation, 410nm detection). The 

extension of TLAF to the non-linear excitation regime, 

so called NTLAF [6], has enabled instantaneous 

temperature imaging in turbulent non-premixed gaseous 

flames [7] and flames containing soot [8]. In turbulent 

non-premixed flames the NTLAF technique has been 

shown to have an accuracy of approximately 100 K [7]. 

 

Two alternative seeding arrangements have been 

considered for NTLAF; nebulisation of a solvent 

containing indium chloride, and laser ablation of a solid 

indium rod [7]. A range of solvents were considered for 

the nebulisation seeding approach [9], however, for 

gaseous flames they all introduce physical changes 

compared with the non-seeded flame. The laser ablation 

technique eliminates many of these issues, but introduces 

new complexities which are yet to be fully resolved 

[10,11]. In the case of spray flames, there is an 

opportunity to seed the fuel with indium chloride and 

thus avoid the need for introducing an additional stream 

into the flame. Although the NTLAF technique has been 

reported to be immune from interferences due to 

scattering from soot, it is unclear whether interference 

from the fuel droplets in a spray flame will allow the 

seeding advantages of this flame type to be realised. The 

aim of the current paper is, therefore, to assess the 

feasibility of conducting instantaneous single-shot 

temperature imaging in turbulent spray flames using the 

NTLAF technique. A series of pilot-stabilised, turbulent 

flames of acetone fuel are used as a measuring platform. 
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2. Experimental Setup 

2.1 Burner Details 
 

The piloted burner design adopted in this study has 

been used previously to develop an understanding of 

auto-ignition [2] and combustion [3,12] in turbulent, 

dilute sprays. Figure 1 shows a sectional view of the 

burner which has a simplified design and well-controlled 

boundary conditions to facilitate modelling. The spray is 

formed upstream of the jet exit plane by an ultrasonic 

nebuliser (Sonotek). With the use of air as a carrier gas a 

turbulent jet issues from the central pipe (D=7mm, 

196mm long). Acetone is selected as the fuel, which in 

this burner configuration, has an advantage over heavier 

fuels due to its simpler chemistry, higher level of 

evaporation and a reduction in the amount of droplet 

shedding. The use of acetone and an ultrasonic nebuliser 

reduces the amount of complex droplet structures and 

coagulation encountered with air-blast atomization 

[3,13]. Details of four selected target flames are 

presented in Table 1. The spray flame is stabilised by a 

pilot flame surrounding the central fuel jet. The 

carbon/hydrogen atomic ratio of the stoichiometric 

acetylene/hydrogen/air flame is chosen to match that of 

the liquid fuel (acetone). 

 

For the purposes of the NTLAF technique, indium 

chloride is added to the acetone fuel supply at a 

concentration of 375 mg/L. The seeding density of 

indium chloride is arbitrary and is selected here to 

provide a good LIF signal without excessive use of seed. 

All fuels and gas supplies are controlled with appropriate 

flowmeters. 

 

Figure 1: Dilute spray burner 

 

Table 1: Acetone target jet flame conditions 

Flame Fuel flowrate 

(g/min) 

Air flowate 

(g/min) 
Rejet 

A1 13 100 16,500 

A2 13 125 25,000 

A3 9.5 100 16,500 

A4 9.5 125 25,000 

2.2 Optical Arrangement 
 

The details of the NTLAF experimental layout have 

been outlined in previous publications [6,7]. In brief, two 

Nd:YAG-pumped dye lasers are fired with 100ns 

separation, to produce the required 410nm and 450nm 

excitation beams. The two 2mJ/pulse beams are 

combined and directed through a cylindrical telescope 

lens system to produce a coplanar sheet of 300µm 

thickness. The beams are directed through two glass 

slides. These scattered beams are imaged with a CCD 

camera to provide shot-to-shot corrections of spatial 

variations in the laser energy profile across the sheet 

height. 

 

The burner is translated vertically to perform 

measurements at different axial locations in the flame. 

The frequency-shifted indium fluorescence signals are 

subsequently detected through interference band-pass 

filters (410nm and 450nm) using two gated intensified 

CCD (ICCD) cameras. The gate width of the intensifier 

is set to 50 ns. This filtering rejects flame emission and 

elastic scattering from droplets within the flame. The 

resultant images are spatially matched with sub-pixel 

accuracy. 

 

Determination of the temperature from the indium 

fluorescence images with the NTLAF theory requires 

three calibration constants to be ascertained. This 

process involves performing measurements in a series of 

well-characterised laminar premixed flame conditions 

with a flat-flame burner mounted in the probe volume 

before and after the turbulent spray flame measurements. 

The premixed calibration flames are natural gas / air 

across a range of different equivalence ratios, thus giving 

an environment of controlled temperature and 

composition. Indium chloride is seeded to the air stream 

of the premixed flame with an ultrasonic nebuliser. For 

each calibration flame the temperature is determined 

from radiation-corrected thermocouple measurements; 

an approach that has been previously validated [6]. The 

indium fluorescence (both Stokes and anti-Stokes) is 

plotted as a function of the laser energy, which is varied 

with the addition of a set of different neutral-density 

filters to the beam path after the cylindrical telescope but 

before the measurement volume. This process enables 

the curve-fitting constants to be determined which relate 

the non-linear behaviour of indium fluorescence as a 

function of laser energy. These constants are required in 

the NTLAF equation [6] which is subsequently used for 

the turbulent flames. The process of using a different 

fuel and flame type for the calibration and the 

measurements is well-established with this technique 

[6,7,14]. 

3. Results 

3.1 Flame Appearance 
 

Figure 2 shows photographs of the target acetone 

flames which, as shown in Table 1, have different liquid 
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fuel flowrates (Cases A1 and A2 compared with A3 and 

A4) or different carrier flowrates (Cases A1 and A3 

compared with A2 and A4). Given the same liquid 

loading, flames A2 and A4 are closer to blow-off, and 

slightly shorter than their counterparts (flames A1 and 

A3, respectively), due to the higher jet Reynolds 

number. Flame A4 is closest to blow-off and hence the 

shortest flame as shown from the images of Fig. 2. 

However, all four flames remain attached to the jet exit 

plane due to the existence of the pilot. The flames are 

also clean of soot and do not feature droplet shedding 

from the burner’s exit plane. The three measurement 

locations (x/D = 5, 10 & 20) are also indicated in Fig. 2. 

3.2 Instantaneous Fluorescence Images 
 

To demonstrate the efficacy of the liquid-fuelled 

seeding approach, Fig. 3 shows a series of instantaneous 

indium fluorescence images for target flame A1 at the 

three measurement locations. Each image window shows 

simultaneous Stokes and anti-Stokes indium 

fluorescence, respectively, on either side of the jet 

centreline (where the anti-Stokes image has been flipped 

left–right). Images at different heights are uncorrelated 

in time, but a constant colour-scaling throughout all 

images is adopted. 

 

Figure 3 indicates that indium fluorescence is 

achieved at all measurement locations. Consistent with 

previous studies where indium is introduced as indium 

chloride, fluorescence signal is not detected in the 

potential core of the jet because the indium salt must 

interact with the reaction zone to release neutral indium 

atoms [14]. Nonetheless, strong signal is achieved across 

the region of interest, namely the reaction zone. 

Importantly, the images show no evidence of 

interference. This was further confirmed by de-tuning 

the dye laser wavelength away from the indium 

excitation transitions. 

 

 
Figure 2: Photographs of the four target flames 

(Table 1). Image height=200mm. 

 

 
 

Stokes  Anti-Stokes 

 
Figure 3: Selection of instantaneous indium 

fluorescence images for target flame A1 at various x/D 

locations. Images at each x/D are time independent, but 

have a constant colour-scale. 

 

 

The signal-to-noise ratio (SNR) of the instantaneous 

fluorescence images is ~20:1 for Stokes and ~10:1 for 

anti-Stokes. These results are an improvement over 

previous gaseous turbulent jet flame measurements using 

the NTLAF technique [7]. 

 

To compare the fluorescence signal level throughout 

the length of the four target flames, Fig. 4 presents total 

Stokes fluorescence yield from 200 images at each 

measurement location. The total fluorescence for each 

flame is normalised relative to the x/D=5 location. 

Figure 4 indicates that the conversion process of indium 

chloride to neutral indium atoms continues throughout 

the flames. At x/D=10 the indium has had sufficient 

opportunity for the indium chloride to interact with the 

flame front to release the neutral indium atoms. By 

x/D=20 there has been extensive dilution of the fuel 

stream due to mixing with the air, and the indium is 

believed to react with the surrounding oxygen [9] and 

thus reduces the fluorescence yield. 

 

 

Figure 4: Total Stokes indium fluorescence yield at each 

x/D location for the four target flames (Table 1). Each 

flame normalised to the x/D=5 location. 
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3.3 Instantaneous Temperature Images 
 

Figure 5 shows a selection of instantaneous 

temperature images at various axial locations in 

flame A1. The interpixel “noise” is improved compared 

with previous seeding approaches [7], which is now 

130K (6%) in the deduced instantaneous temperature 

images. The lower temperature limit imposed in the 

image processing for the NTLAF technique is ~800 K. 

Previous studies in turbulent flames [7] have required a 

higher temperature threshold, corresponding to 1200 K, 

to reduce noise issues associated with the low anti-

Stokes signal below this temperature. 

 

 
Figure 5: Selection of instantaneous temperature images 

for target flame A1 at various x/D locations. Images at 

each x/D are time independent, and all images have the 

same constant colour-scale (in Kelvin). 

 

It should be noted that, consistent with previous 

NTLAF measurements, temperature data is only 

available above a certain temperature limit and is 

favoured under fuel-rich conditions. The conditional 

nature of the measurements, therefore, requires care with 

analysis and interpretation. Nonetheless, the temperature 

images presented indicate the effectiveness of the 

NTLAF technique in these dilute turbulent spray flames. 

 

4. Conclusions 

 

Non-linear excitation regime two-line atomic 

fluorescence (NTLAF) has been successfully applied to a 

set of turbulent dilute spray flames of acetone. The 

fluorescence signal is found to be immune to 

scattering/interference from the spray droplets and 

vapour. The liquid-fuel spray flames have been 

demonstrated to be highly effective for seeding indium 

(required for NTLAF). The dilute spray burner is ideally 

suited to NTLAF thermometry with potential for 

additional simultaneous measurements via other laser 

diagnostic techniques. 
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Abstract 
 

In the present paper, a newly developed monochromatic imaging technique to determine the surface temperatures of 

large single coal particles prior to ignition, based on the thermal radiation theory and short wavelength infrared (SWIR) 

camera response in the 900-1700nm wavelength range, is described. The surface temperature of the coal particle was 

derived from the greyscale value of a particle image captured by the SWIR camera, already calibrated using a blackbody 

furnace as a standard temperature source. The centre temperature of coal particle was recorded using an embedded fine, 

bare-wired K type thermocouple. The measurement accuracy was verified by applying the system to measure the 

blackbody temperature in the range of 673 to 913K. The maximum relative error was about 0.7%. The surface 

temperatures obtained from the present study were compared with model predictions and also experimental results 

acquired using a direct thermocouple measurement technique. Good agreements were achieved, indicating that validity 

of the monochromatic imaging technique for coal particle ignition studies.  

 
Keywords: Centre temperature; Coal particles; Ignition temperature; Monochromatic imaging technique; Surface 
temperature  
 

 

1. Introduction 

Combustion of coal particles involves very 

complex physical and chemical processes and depends 

on both coal properties and process conditions. The 

ignition of coal particles is the primary step in any 

practical coal combustion processes, determining the 

subsequent flame stability, char burnout, facility safety 

and combustion system efficiency and, therefore, has 

been subjected to numerous and intensive research over 

many decades [1-7]. Theoretically, the commonly used 

criterion to define ignition is based on the Semenov’s 

thermal explosion theory (TET). The ignition occurs 

when the first-order derivative of particle temperature 

with respect to time becomes larger than or equal to 

zero, while the second-order derivative of particle 

temperature with respect to time equal to zero [1]. 

Widely used experimental techniques for coal ignition 

temperature measurement can be found from Zhang 

and Wall [6]. Among these techniques, different 

temperature measurement methods were adopted. In the 

pulse and continuous flow ignition experiments, the 

ignition temperature (Ti) is estimated from the equation 

of    (    
   ⁄ ) −    , where R is the universal gas 

constant, Tgi is the measured minimum gas temperature 

at which the ignition could be observed and Ea is the 

activation energy [1]. In the laser ignition experiments 

conducted by Zhang et al [8], the ignition temperature 

was calculated based on the thermal explosion theory 

by taking the minimum absorbed laser power into 

account. However, the heating method and cold 

ambient condition make it limited to the observations of 

the heterogeneous ignition phenomena only. The 

thermogravimetric (TG) ignition technique is another 

widely used approach to studying the ignition 

characteristics of coal particles. The ignition 

temperature is taken as the temperature at which the 

weight loss curves in the oxidation and pyrolysis 

experiments deviate [4, 9]. However the heating rate of 

coal particles in such experiments is too low to 

represent any practical applications. Direct 

measurement of the ignition temperature using a 

thermocouple is a straight forward technique in which 

the coal particle is usually attached to the thermocouple 

tip or supported with a coiled thermocouple. Thus, the 

instantaneous particle temperature can be recorded as a 

function of time and the ignition temperature can be 

determined by applying the TET ignition criterion [5, 

10]. However the radiation from furnace walls, gases 

and other sources may contribute to errors. 

With the development of advanced optical 

technologies in recent years, ignition temperature can 

be measured in a non-intrusive manner. Several 

attempts were made by using bichromatic pyrometry 

technique assisted by calibrated charge-coupled device 

(CCD) or complementary metal–oxide–semiconductor 

(CMOS) camera [7,11,12]. The ignition temperature 

was defined as the surface temperature, obtained via the 

processing of the RGB images, just before ignition 

occurred. However, the low pixel intensity in the 

moderate to low temperature range strongly affected 
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Table 1: Properties of the tested coal 

Proximate analysis (Dry basis, %) 

Volatile matter 24 

Fixed Carbon 67.67 

Ash 6.67 

 

the detection limit and accuracy of measuring surface 

temperatures of coal particles at low temperatures. 

 

This paper describes a non-intrusive technique for 

investigating the ignition temperature of large single 

coal particles. A shortwave infrared (SWIR) camera 

assisted monochromatic imaging technique was 

adopted for the measurement of the surface temperature 

history. A direct measurement technique was also 

applied to measure the centre temperature using an 

embedded fine thermocouple. The measurement 

principles, technical and operational considerations are 

included.  

2. Experimental 

2.1 Experimental Setup 

Experimental work was undertaken on a single 

particle ignition rig as schematically shown in Fig. 1. A 

Chinese bituminous coal, Datong (DTB), was 

employed in this study. The proximate analysis of the 

coal is listed in Table 1. The as-received coal was 

crushed into small chucks, which were then carefully 

filed into spherical particles with 2 mm in diameter. A 

fine hole of 0.25mm was drilled through the centre of 

the coal particle and a fine K type thermocouple 

(~0.25mm in diameter) was carefully run through the 

particle so that the thermocouple joint was located at 

the particle centre to measure the particle centre 

temperature. A SWIR camera was used to capture the 

images of particle surface during the ignition process 

for the calculation of the surface temperature. Details of 

the temperature measurement principles are describe 

below. The furnace was heated to and stabilized at a 

desired temperature of 1023, 1073 or 1123K prior to 

the insertion of coal particles via a programed linear 

stepper motor. 

 

 
 

Figure 1 Schematic of the single coal particle ignition 

rig: 1) Horizontal tube furnace; 2) Linear stepper 

motor; 3) Signal amplifier; 4) Data acquisition card; 5) 

PC; 6) SWIR Camera; 7) Quartz window and 8) Coal 

particle. 

2.2 Temperature Measurement Principles Using a 

Monochromatic Imaging Technique 

The fundamental of the monochromatic imaging 

technique is based on the radiation theory that an 

object, with its temperature above the absolute zero 

degree, emits radiation to the surroundings. According 

to the Plank’s law, the non-blackbody radiation energy 

E(λ, T) as a function of wavelength (λ) and temperature 

(T) can be described as below: 

 

 (      
   

  

 
  
  −  

     
(1) 

where ɛ is the emissivity, C1 and C2 are the 1
st
 and 

2
nd

 radiation constants, respectively. The total radiance 

in the short wavelength infrared range of 900 – 1700nm 

(the spectrum range of the SWIR camera used in 

present study) can be written as: 

 

 (   ∫  (      
    

   

 

(2) 

 

The SWIR camera converts the radiance emitted 

from the coal particle to the digital signal (greyscale 

value, G) and the relationship is described as below: 

 

 (      (  ∫  
   

  

 
  
  −  

    (    
    

   

 

(3) 

where g(λ) is the spectral sensitivity curve of the 

SWIR camera’s InGaAs sensor and K(T) is the lump 

sum effect of the optical system.  

 

2.3 System Calibration 

The overall conversion coefficient K(T) is obtained 

by establishing the relationship between the measured 

greyscale value and the blackbody temperature ranging 

from 693 to 933K with an interval of 40K. The 

relationship between the overall conversion coefficient 

K(T) and blackbody temperature is illustrated in Fig. 2 

and the expression is given in the following equation: 

 (                              
  (4) 

 

 
Figure 2 Variation of the overall conversion coefficient 

with blackbody temperature.  
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Figure 3 Calibration curve of the SWIR camera 

 

 
Figure 4 Comparison of the blackbody temperatures as 

measured using the SWIR camera and the blackbody 

furnace temperatures set points. 

 

Hence, the relationship between the greyscale 

value and the blackbody temperature can be obtained 

by substituting (4) into (3).  Fig. 3 shows the calculated 

calibration curve and the variation of the greyscale 

value of the image with the blackbody temperature at 

an exposure time of 1ms.  

The measurement accuracy was verified by 

applying the system to measure the blackbody 

temperature varied from 673 to 913 K with an interval 

of 40K. Fig. 4 shows the comparison between measured 

values and set points of the blackbody furnace 

temperatures. It was found that the maximum error of 

5K occurred at the blackbody temperature of 673K, 

equivalent to a relative error of 0.7%. 

 

 
Figure 5 A typical greyscale value – time plot with 

greyscale contour images prior to ignition (Furnace 

temperature 1123K).  

 
Figure 6 Temporal variations of the surface temperature 

(Ts) and centre temperature (Tc) measured in the 

present study as compared to the calculated particle 

surface temperature [13]. 

3. Results and discussion 

3.1 Ignition temperature and temperature history of 

igniting coal particles 

The surface greyscale variation with time of a coal 

particle at 1123K furnace temperature is illustrated in 

Fig. 5. It is clearly seen that the surface greyscale value 

increases with time. In order to simplify the 

temperature calculation process, it is assumed that the 

coal particle is a grey body and its emissivity remains 

constant prior to ignition. When the coal particle just 

appears at the centre of the furnace, the particle 

temperature is still low. The self-emitted radiance from 

the coal particle can be neglected and all signal 

received by the SWIR camera is considered as the 

background, which is reflected from the hot furnace 

wall. The surface temperature is calculated based on the 

average greyscale value of the centre area on the front 

surface which is in the direction normal to the SWIR 

camera. The initial surface temperature of the coal 

particle is assumed to be 300K. A sensitivity analysis 

has been performed by fixing the initial surface 

temperature at different levels. It was found that the 

ignition temperature as measured using the present 

technique is not sensitive to the initial surface 

temperature.  

Fig. 6 shows the variation of the surface and centre 

temperatures measured in the present study for a 2 mm 

coal particle at the furnace temperature of 1123K. A 

theoretical predication of the surface temperature of the 

same coal with the same size from Ref. [13] was also 

included for comparison. It can be seen that both 

surface and centre temperatures increase with time 

during ignition process. The centre temperature of the 

particle was much lower than the surface temperature at 

a given time. The surface temperature increased sharply 

when the particle was exposed to a high temperature 

but the rate of increase decreased with time. However, 

the centre temperature increased at an almost constant 

rate. This is mainly due to the intra-particle thermal 

conduction for large coal particles [14]. It is also seen 

that the measured temporal variation of the surface 

temperature showed a better agreement with the 

theoretical predictions. This suggests that the
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Figure 7 Temporal variations of the surface and centre 

temperatures at 3 different furnace temperatures. 

 
Figure 8 Variation of the ignition temperature (open 

symbols) and ignition delay time (solid symbols) as a 

function of furnace temperature: squares: measured 

using the monochromatic imaging method; circles: 

measured using the thermocouple direct measurement 

technique. 

monochromatic imaging technique can be a useful tool 

to measure the ignition temperatures of coal particles.  

3.2 Effect of furnace temperature 

Fig. 7 shows the temporal variations of both 

surface and centre temperatures of 2 mm DTB particles 

ignited at furnace temperatures of 1023, 1073 and 

1123K. It is clear that the particle heating rate was 

enhanced significantly with increasing furnace 

temperature.  

Fig.8 shows the effect of the furnace temperature 

on the ignition temperature and ignition delay time of 

the tested coal particles. It is obvious that the ignition 

delay time was reduced with increasing furnace 

temperature, in a good agreement with the work of 

Katalambula et al [10]. However, the present 

experimental data show that for the same type of coal, 

the ignition temperature is lower at a higher heating 

rate, represented by the higher furnace temperature. 

This is in contrast with the experimental results in Ref. 

[10] in which the temperature was measured with a 

coiled thermocouple around the particle, and coal 

particle was heated by a radiation spot heaters. 

Compared to both monochromatic imaging and 

embedded thermocouple techniques in the present 

study, the configuration used in Ref. [10] with an 

exposed thermocouple joint must have experienced a 

strong influence from the radiation spot heater, which 

could turn its reading to a higher-than-real value.  In 

addition, the ignition delay time determined using the 

present direct thermocouple measurement technique 

was overestimated due to its slower response speed 

compared with the monochromatic imaging method. 

4. Conclusions 

A SWIR camera assisted monochromatic imaging 

method was developed to quantitatively determine the 

surface temperatures of large single coal particles 

during ignition. The surface temperature of the coal 

particle is derived from the greyscale value of particle 

image captured by the SWIR camera calibrated using a 

blackbody furnace. Good agreements have been shown 

by comparing the data obtained from the present study 

with model predictions and experimental results 

acquired using other temperature measurement 

techniques, suggesting that this method can be an 

accurate yet simple tool to measure the ignition 

temperatures of large single coal particles.   
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Abstract 
 Near-infrared TDLAS technique was used for temperature, species concentration and velocity measurements of RBCC during 

firing in this paper. Performance of the engine, like combustion efficiency and specific impulse, can be derived from the experimental 

results. Thus it provides a possible method for the in-situ and non-intrusive measurement of engine performance. Firstly, combined 

with the criterions of TDLAS, the characteristics of RBCC were analyzed in detail by Computational Fluid Dynamics (CFD), and the 

feasibility of application was discussed. Based on the design criterions of TDLAS system, the absorption line pair of water vapor 

(H2O) (7444.352+7444.371-7185.597cm-1) was selected for parameter measurement of RBCC. The McKenna flat flame burner 

system and the simulated isolator were respectively used for experimental validation of temperature and velocity measurement. Then, 

two crossed-beam TDLAS system was applied to the measurement of temperature, H2O concentration and velocity at the exhaust 

plane of RBCC. Using numerical simulation method, the relationship between the average values of the exhaust plane and the 

measurement values of TDLAS was obtained. Thrust, specific impulse and combustion efficiency of RBCC ground test were 

calculated using these measured parameters. The measurements provide support for the optimization of the combustion organization 

and geometry design of RBCC. 

 
Keywords: RBCC; TDLAS; parameter measurement; performance evaluation; ground-testing 
 

 

1. Introduction 

Rocket Based Combined Cycle (RBCC) is a single, 

fully-integrated engine comprising of rocket, ramjet and 

scramjet, and has long been identified for its potential to 

space transportation in the future. In the experimental 

research of RBCC, the characteristic of high-speed 

combustion flow is described by parameters like 

temperature, pressure and exhaust velocity. Species 

concentration of gas phase combustion product is 

important to the understanding of internal combustion 

process and the evaluation of combustion efficiency. In 

general, the measurements of experiment parameters are 

the key to experimental research of RBCC. However, the 

air flow enters the inlet and passes the nozzle very 

quickly. The flow in the engine has high turbulivity and 

the parameters change rapidly within a wide range. Slight 

intrusion will impact or even totally change the flow in 

RBCC.  or a long time, the hysteresis of surface 

measurement to the combustion research has greatly 

restricted the development of RBCC. The development of 

optical instruments and laser spectroscopy brings a new 

method to the fundamental research of combustion in 

RBCC. 

Among the various laser spectroscopy techniques, 

Tunable Diode Laser Absorption Spectroscopy (TDLAS) 

becomes remarkable for its advantages on reliable system 

and multiple parameters in situ measurements of 

hydrocarbon fuel combustion 
[1-3]

. As the laser devices and 

experimental technique develops, the TDLAS combustion 

diagnosis finally forms. At present, TDLAS technique is 

widely used in many researches such as combustion 

control and the parameters measurements of turbine, 

internal-combustion(IC) engines, scramjet and pulse 

detonation engines. 

With the research objective of temperature, species 

concentration and velocity measurements of RBCC, the 

near-infrared TDLAS technique research was used in the 

ground test of RBCC to obtain the engine performance in 

this paper.   

2. Verification of TDLAS 

2.1. Fundamentals of TDLAS 

The fundamental theoretical principle of TDLAS is the 

Beer-Lambert law. Temperature, concentration and 

velocity can be derived from absorption profiles obtained 

by photo detectors, the detailed formulae and algorithms 

can found in Ref.3 and Ref.4. 

2.2. Temperature measurement and verification 

Based on the selection criterions, the absorption line 

pair of H2O (7444.352+7444.371-7185.597cm
-1
) from 

HITRAN 2008 database was selected for parameters 

measurement.  

The TDLAS and experimental verification system using 

the McKenna flat flame burner are shown in  igure 1. 

 
 ig. 1 T Schematic of experiment verification system 
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The parameters of the flame of the burner (Table 1) 

were adjusted by changing the volume flow rate of CH4, 

air and equivalence ratio. The temperature was obtained 

by the B-type thermocouple measurement with heat loss 

correction. 

Table 1. The parameters of McKenna flat flame burner 

No. 
CH4 

[L/min] 

air 

[L/min] 
Temperature[K] 

1 1.30 14.0 1011.5 

2 1.60 17.0 1319.1 

3 2.10 22.0 1332.9 

4 3.00 32.0 1538.4 

5 5.00 50.0 1633.0 

Thus, the temperature was determined from the ratio of 

two-line integrated absorbance. Compared with the 

thermocouple measurement, the maximum deviation was 

77.8K and the relative deviation is 4.86%.  

2.3. Velocity measurement and verification 

In order to simulate the supersonic flow in duct, the 

high-speed flow system was designed as shown in  igure 

2. This system consisted of incoming-flow simulation 

system, adjustable nozzle and test section. The high 

pressure gas was generated by incoming-flow simulation 

system. The test section can control the velocity through 

change of the total pressure of incoming flow, adjustable 

nozzle, and the divergent angle of the test section. The 

divergent angle was small enough to keep the velocity 

slight change along the flow direction. 

 
 ig. 2 Schematic of the high-speed flow system 

The two crossed laser beams TDLAS system with 

scanned-wavelength method, using 1392nm distribute 

feedback (D B) diode laser was established for velocity 

measurement of high-speed gas, as shown in  igure 3. 

 
 ig. 3 Schematic of TDLAS system for velocity measurement 

 
 ig. 4 Absorption intensity vs time 

The incident laser intensity was obtained by linear 

fitting of regions without absorption and the figure of 

absorption intensity vs time is shown in  igure 4. 

The laser relative frequency is the function of time 

which is fitted by the etalon experiment data: 
22.8326t -5.8882t+2.1250v        (1) 

The Doppler shifted can be calculated as: 
2 2 -1

1 1 2 22.8326t -5.8882t (2.8326t -5.8882t ) 0.0208(cm )v   =                                         

(2) 

Thus, the velocity of flow can be calculated by the 

following equation : 
8

0

0

0.0208 3 10
=675.50(m/s)

2sin 7185.597 2 sin 40

v c
u

v 

   
 

  

(3) 

While the calculated velocity based on pressure 

measurement is 707.0m/s. 

3. Parameters Measurements of RBCC 

3.1. RBCC ground-testing system 

In this paper, the direct-connect ground-testing system 

of RBCC which can simulated the Mach0-6.0 flight 

condition was used for the application of TDLAS. As 

shown in  igure 5, the ground-testing system mainly 

included the air-flow simulation system, the experimental 

engine system and the measurement and control system.  

 
 ig. 5 Schematic of RBCC ground-testing system 

3.1.1 Thrust and specific impulse 

 
 ig.6 Schematic of thrust calculation of the combustor 

The flow in combustor can be taken as control volume, 

the entrance (outlet of the isolator) and exhaust plane of 

combustor can be defined as plane 1 and 2 separately as 

shown in  igure 6. The inner thrust of the engine   is: 

   2 2 2 2 1 1 1 1F m v p A m v p A        (4) 

The specific impulse of the engine can be calculated by: 

/f fI F m                  (5) 

While fm  is the mass flow rate of the secondary fuel. 

The key to the calculation of combustor thrust and 

specific impulse was the measurement of velocity at the 

combustor exhaust plane. 

3.1.2 Combustion efficiency 

 or the alcohol used in this paper, combustion 

efficiency analysis was based on gas composition analysis 

method. As the quality of burned fuel can be calculated 
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using the concentration of H2O, the combustion efficiency 

was then obtained.  or direct-connect ground-testing 

system of RBCC, the combustion of alcohol in the heating 

rocket and primary rocket can be considered completely, 

CO and micro molecule hydrocarbons in the gas did not 

taking into account, H2O and the unburned fuel were 

considered to be in the form of gas state. The reaction 

equation of combustion in engine is expressed as follows:  

2 5 2 2 23 2 3C H OH O CO H O      (6) 

The change of the mole number of each component in 

the RBCC ground –testing experiment is shown in Table 

2. λis the percentage of heating rocket gas that enters the 

mixer. a, b and c are mole ratio of fuel alcohol in the 

heating rocket, primary rocket and secondary fuel 

respectively. x, y and z are mole ratio of oxygen in the 

heating rocket, mixer oxygenating and primary rocket 

respectively. m and n are the mole ratio of nitrogen and 

oxygen in the air respectively. η is the combustion 

efficiency. M is the mole ratio of oxygen in the heating 

gas and N is the mole ratio of oxygen in the RBCC 

incoming flow condition. 

Table 2. Change of the mole number of each component in 

the RBCC ground –testing experiment 

 C2H5OH O2 N2 CO2 H2O 

Heating 
cycle 

λα λx+y    

heating   

gas 
 

M=λx+y-

3λα 
 2λα 3λα 

RBCC 

operating 
mode 

b+c N=M+z+n m   

Gas 

composition 
(1-η)( b+c) N-3η( b+c) m 

2λα+ 

2η( b+c) 

3λα+ 

3η( b+c) 

 

Thus, the molar concentration of H2O in combustion 

gas can be calculated: 
 

        

3 3

1 3 2 2 3 3

a b c
X

b c b c m a b c a b c

 

     

 


                      

                                          (7) 
Combustion efficiency η is then obtained: 

 

  

2 3

3

b c a x y n z m X a

b c X

  


         
 

        (8) 

Therefore, the combustion efficiency of the engine 

combustor can be calculated by the above equation if the 

H2O concentration of the exhaust is known. 

3.2. Parameters measurement of exhaust 

 
 ig. 7 The parameters measurements of exhaust 

The two crossed laser beams TDLAS system with 

scanned-wavelength method, which uses 1392nm and 

1343nm lasers, was established for parameters 

measurement of exhaust as shown in  igure 7.  

4. Results and Discussion 

4.1. Parameters measurement of exhaust 

Typical time-average laser scan of experimental data is 

shown in  igure 8. The temperature, H2O concentration 

and velocity were determined by the time-average detector 

signal, as shown in  igure 9. 

 
 ig. 8 Typical curve of detector 

 
(a) Temperature                    (b) H2O concentration 

 

 
(c) Velocity 

 ig.9 Parameters measurements 

Compared with the numerical calculation of the flow 

field in RBCC under the experimental conditions, the 

measurements of temperature, H2O concentration, and 

velocity by TDLAS are shown in Table 3. As we know, 

C D uses the ideal conditions to simulate the flow, the 

results of TDLAS measurements are less than that of the 

C D calculation. The results show that the TDLAS 

measurement value has certain credibility. It can provide 

references for the optimization of combustion organization 

and engine structure. 
Table 3. Measurements compared with CFD calculation 

values 

Parameters Measurements C D 

Temperature 892.8K 1002.1K 

H2O 

concentration 

0.0978 
0.1056 

0.0942 

velocity 
955.4m/s 

1033.3m/s 
944.8m/s 

 

4.2. Performance calculation 
The performance under steady-state operation was 

mainly considered for the performance analysis of RBCC 

ground-testing engine. Calculations were carried out using 
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the average measurement values under steady-state 

operation of the engine. 

As shown in  igure 10, 21 horizontal lines were set up 

at the exhaust plane. The vertical direction was set as y 

axis and the undersurface as y=0. The coordinate values of 

these 21 horizontal lines were 2, 7, 14, 21, 28, 35, 42, 49, 

56, 63, 70, 77, 84, 91, 98, 105, 112, 119, 126, 133, 138 

mm separately. The vertical distribution of the average 

values of H2O concentration and the flow velocity on 

these horizontal lines are shown in  igure 11, 12, then the 

average value of the entire exhaust plane can be 

calculated.  

 

 
 ig. 10 Schematic of vertical distribution of parameters on the 

exit plane 

 
 ig. 11 Velocity distribution on y axis 

 
 ig. 12 Concentration distribution of H2O on y axis 

Then the relationship between the average value of 

exhaust plane and the value of y=63mm position can be 

obtained: 

2 263 63

957.5 0.1082
,

1033.3 0.1056
mm H O H O mmv v X X         (9) 

The measurement values of the y=63mm horizontal line 

are v=944.8m/s，XH2O=0.0960 (the average result of two-

line measurement), then the average value can be 

calculated according to Equation(9): 

 

2

957.5
944.8 875.5 /

1033.3

0.1082
0.0960 0.0984

0.1056
H O

v m s

X


  


   


  (10) 

Thus, performance calculation of the engine can be 

carried out combined with the flow velocity in isolator (v 

= 675.5m / s). 

 

4.2.1 Thrust and specific impulse 

The pressure of the combustor entrance and exhaust 

plane were P1=0.15MPa, P2=0.065MPa at operating time 

(10.0s). Thus, the thrust of experimental engine can be 

obtained: 

     2 2 2 2 1 1 1 1 =1566.9 NF m v p A m v p A     (11) 

Calculation of specific impulse: 

 
 

1566.9
846.4 s

73.8 115.1 1000 9.8
f

f

F
I

m
  


(12) 

4.2.2 Combustion efficiency 

Combustion efficiency calculation of the experimental 

engine: 

 

  

2 3
89.0%

3

b c a x y n z m X a

b c X

  


          
 

 (13) 

5. Conclusions 

 (1) Using the TDLAS system design criterions, a line 

pair (7444.352+7444.371-7185.597cm
-1
) of water vapor 

(H2O) was selected for parameter measurement of RBCC. 

A TDLAS system was constructed and demonstrated for 

RBCC operation diagnostics..  

(2) The parameters (temperature, H2O concentration 

and velocity) measurements of exhaust in RBCC had been 

achieved using TDLAS. This technique can provide an in-

situ and non-intrusive method for parameters 

measurements in high-speed and high-temperature flow. It 

can provide references for the optimization of combustion 

organization and engine structure.  
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Abstract 
Oxidation of a model polychlorinated biphenyl (4-chlorobiphenyl) has been studied in three flow reactors: an alumina reactor (1) 

exhibiting significant catalytic effects including promotion of O2 (
1) and chlorination-dechlorination reactions at temperatures as low 

as 350C; a high purity quartz reactor (2) which produced significantly lower O2 (
1) and negligible chlorination-dechlorination and a 

high purity quartz reactor with surfaces passified by a boron oxide coating (3) in which only normal oxidation was observed at 

elevated temperatures (>600C).  The low temperature phenomena have been studied by quantum chemical techniques and reaction 

mechanisms to explain products’ formation (including the MCD  3-chlorodibenzofuran) are given.  3-Chlorodibenzofuran (the 

simplest PCDF) and benzaldehyde are important low temperature products produced by O2 (
1) in reactors (1) and (2). Both O2 (

1) 

and ground state O2 (3g) can displace Cl atoms from 4-chlorobiphenyl to produce polychlorobenzenes although only O2 (1) 

produces significant yields of chlorobenzenes at low temperatures.  Styrene and naphthalene also arise from O2 displacement of Cl. 

 
Keywords: Oxidation, PCB, PCDF, quantum chemistry, reaction mechanisms. 
 

 

1. Introduction 

 

Previously, we investigated [1] the oxidation of 

(non-chlorinated) biphenyl in an alumina reactor and 

demonstrated through quantum chemical calculation that 

the two major low temperature products, dibenzofuran 

and benzaldehyde, could only be explained by the 

alumina reactor’s surfaces promoting the formation of 

highly reactive singlet delta oxygen - O2 (
1).  We now 

turn our attention to studying the simplest realistic model 

of a polychlorinated biphenyl, viz., 4-chlorobiphenyl (4-

CB) and the oxidation pathways leading to the simplest 

PCDF – 3-chlorodibenzofuran.  This reaction and other 

reactions brought about by the presence of chlorine in 

the reactant, have been studied experimentally in three 

different flow reactors – alumina which promotes O2 

(
1
) reactions, and in order to minimise and remove 

these reactions, a high purity quartz reactor, and a high 

purity quartz reactor with surfaces passified with a boron 

oxide coating.  Quantum chemical calculation which is 

the main thrust of this paper, has been used to identify 

reaction mechanisms. 

2. Methodology 

 

2.1 Experimental Method  
 

The flow reactor (shown schematically in Fig. 1) has 

been described previously [2,3]. It comprises a heated 

reactant vaporizer, heated alumina or quartz flowtube 

and sample collection system.  The quartz tube was of 

purity 99.995% and significantly minimized but did not 

remove surface effects.  Surface effects were obviated by  

 

 

 

 

 

 

 

 

 

 

 

coating the internal quartz surfaces with boric acid 

solution which was baked to a passified boron oxide 

coating.  The reactor was operated at temperatures from 

300 to 900C at a fixed residence time of 5 s. 

Product analyses were made by GCMS, FTIR and 

IC.  Full details are provided in our earlier publication 

[3]. 

2.2 Quantum Chemical Computations 
  

All computations were carried out with the Gaussian 

09 suite of programs [4].  Optimized structures and zero 

point vibrational energies (ZPVE) have been calculated 

at either the B3LYP/6-31G(d) or B3LYP/6-311G(d,p) 

level of theory.  Improved electronic energies have been 

obtained by carrying out single point energy calculations 

using the extensive GTLarge basis set.  Stationary points 

located were either minima or transition states (TS) 

determined by vibrational frequency analysis wherein a 

transition structure contains just one imaginary 

frequency along the specified reaction coordinate.  

Intrinsic reaction coordinate (IRC) analysis was 

performed to link reactants and products with their TSs. 

 

Fig. 1:  Flow reactors 
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3. Results and Discussion 

3.1 Experimental Results 
 

Products of the decomposition of 4-CB were first 

detected at a temperature of 350C in the alumina 

reactor.  Initial products were 3-chlorodibenzofuran and 

benzaldehyde.  In the same reactor, chlorobenzenes were 

first detected at 400C.  Significant yields of 

monochlorobenzene and p-dichlorobenzene were 

observed along with lesser yields of the isomeric di- and 

tri- chlorobenzenes. Styrene is also a low temperature 

product in the alumina reactor whose yield decreases 

above 500C whereupon the yield of naphthalene grows 

rapidly. 

In the unpassified quartz reactor, 3-

chlorodibenzofuran, benzaldehyde and the 

polychlorobenzenes are still observed but at much lower 

yield especially at temperatures below about 550C.  

Styrene and naphthalene are also observed.  However, in 

the boron oxide-coated quartz reactor, yields of 3-

chlorodibenzofuran, benzaldehyde and the 

polychlorobenzenes are negligible at temperatures below 

600C.  In the passified reactor, products typical of 

oxidation by ground state O2 (
3
) were observed.  CO, 

HCl and CO2 were major products above 700C. Phenol 

and chlorophenols were also important products. Traces 

of both PCDF and PCDD were detected. 

3.2 Quantum Chemical Results 
 

Our principal interest is in understanding the low 

temperature initiation of oxidation and the formation of 

PCDF produced from PCB via the study of our model 

compound, 4-CB.  Conditions in the catalytic alumina 

reactor are likely to better mimic conditions existing in 

incineration of PCBs or in fires rather than a gas phase, 

radical-driven oxidation which would appear to be taking 

place in the boron oxide-coated quartz reactor.   

As pointed out in our earlier communication [1], the 

C-H bond energy of 117 kcal/mol in biphenyls precludes 

initiation by ground state O2 (
3
) to form HO2 at 

temperatures as low as 350C.  Likewise, the C-Cl bond 

energy of 92 kcal/mol
 
is too large for fission to take 

place at these temperatures.  

It is now accepted that many surfaces especially 

alumina, transition metal oxides and even silica can 

catalyze the formation of O2 (
1
) at temperatures around 

300C and even lower [5,6].  Following our earlier 

quantum chemical study of reaction of biphenyl with O2 

(
1
), we now investigate the mechanism of formation of 

3-chlorodibenzofuran from 4-CB by reaction with O2 

(
1
). 

We have been able to optimize several singlet state 

O2 adducts formed by addition at every ring carbon, 

including the bridge carbons in 4-chlorobiphenyl (I).  

Triplet O2, however, will only form a stable adduct 

through ipso addition to the carbon bearing chlorine.  

Reaction of O2 (
1
) with 4-CB first takes place by 

addition to a carbon atom adjacent to a bridge C atom to 

form adduct II as shown in Scheme 1. Formation of the 

endoperoxide (III) proceeds via transition state TS1 with 

a barrier (at 0 K) of 21.1 kcal/mol. A hydrogen atom 

shift via TS2 leads to rupture of the O-O bond and 

formation of IV.  A further H-shift leads to the anti-form 

of the biphenol V.  A facile O-H bond rotation to the 

syn-form (VI) allows juxtaposition of the two O-H 

groups to enable elimination of H2O and formation of 3-

chlorodibenzofuran (VII).  A reaction potential energy 

surface (PES) for the overall reaction is given in Fig. 2. 

The maximum barrier along the PES is 31.9 

kcal/mol and is associated with TS2.  Although the 

elimination of water (TS5) has a substantial barrier of 

66.2 kcal/mol, once the barrier of TS2 is surmounted, 

reaction to 3-chlorodibenzofuran can take place by 

chemical activation. 

Benzaldehyde is found in a similar temperature 

range to 3-chlorodibenzofuran.  Note that the yield of a 

chlorinated benzaldehyde is negligible. Formation of 

benzaldehyde also begins with formation of adduct II.  

Endoperoxide formation again takes place but the O-O 

link is between the two adjacent C atoms, one a bridge 

atom, in the same ring which contains the Cl atom. After  

several rearrangements, the ring containing the Cl atom 

opens and then closes to a five-membered ring which 

fissions from the attached six-membered ring to form 3-

chlorocyclopentadienone and benzaldehyde.  The overall 

mechanism has a moderate maximum energy barrier of 

29.4 kcal/mol enabling this reaction to take place readily 

around 300 - 400C. It should be noted that no 

chlorocyclopentadienone has ever been isolated nor has 

the parent cyclopentadienone itself, being known to 

rapidly dimerise and decompose. 

Polychlorinated benzenes are major products from 

the alumina reactor and also observed but at much lower 

yield in the unpassified quartz reactor.  This suggests the 

availability of free chlorine atoms.  As mentioned above, 

both triplet ground state and singlet delta oxygen are 

able to form ispso adducts at the carbon atom bearing 

chlorine.  We have made a quantum chemical study of 

this process which leads to chlorine atom fission and 

also to formation of styrene and naphthalene. 
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Scheme 1: Formation of 3-chlorodibenzofuran from 4-CB 
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Scheme 2 shows that a triplet oxygen molecule 

substitutes the chlorine atom in the 4-chlorobiphenol 

molecule in a single-step process. This process incurs an 

activation energy of 46.7 kcal/mol, i.e, only 1.1 kcal/mol 

higher than the separated products. This reaction results 

in the fission of the C-Cl bond and the subsequent 

formation of a 4-peroxybiphenyl adduct.  

 
Scheme 2: Formation of 4-peroxybiphenyl and chlorine atom from 

reaction of the parent 4-chlorobiphenyl with triplet oxygen 

molecule. Values in bold and italic are the reaction and activation 

energies, respectively. Values are in kcal/mol at 0 K.  

 

Scheme 3 shows a decomposition pathway for the 4-

peroxybiphenyl moiety. Barrierless fission of the peroxy 

O-O bond requires an endoergicity of 37.2 kcal/mol and 

results in the formation of the VIII adduct. Unimolecular 

decomposition of this adduct follows a three-step 

mechanism that features ring contraction/CO2 

elimination pathways. The formation of the three-

membered ring structure of IX via TS7 requires an 

activation barrier of 52.1 kcal/mol. Enthalpic barriers of 

the other two steps are rather trivial, viz, TS8 and TS9. 

Resulting from the mechanism shown in Scheme 3 is the 

XI moiety. The XI adduct possesses a resonance 

stabilized radical in its five-membered ring. Thus, it is 

expected that XI would be a long-lived species and to be 

a major source for the formation of naphthalene and 

styrene.    

 

 
Scheme 3: Decomposition of 4-peroxybiphenyl. Values in bold and 

italic are the reaction and activation energies, respectively. Values 

are in kcal/mol at 0 K.  

 

Pathways for formation of naphthalene and styrene are 

shown in Scheme 4. Addition of triplet oxygen molecule 

to the XI moiety is thermodynamically neutral and 

results in the formation of the peroxy adduct of XII. O-O 

bond dissociation in the XII peroxy adduct is considered 

to be the rate-determining step in the mechanism shown 

in Scheme 4. The triplet O atom formed and the XIV 

intermediate reside 58.3 kcal/mol above the initial 

reactants. 1,2-Hydrogen transfer into the C-C bridge 

stabilizes the XIV structure into the XV moiety with 

35.2 kcal/mol passing through a very low barrier of 6.7 

kcal/mol (TS10). A ring-opening reaction from XV to 

XVI necessitates a modest barrier of 18.2 kcal/mol as 

characterized by the transition structure TS11.  

Formation of XVI through this intramolecular hydrogen 

transfer is associated with a low endoergicity of 6.3 

kcal/mol.  A CO molecule departs the XVI moiety 

through a significant reaction enthalpy of 40.4 kcal/mol 

via the transition structure TS12. This reaction affords  
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the XVII intermediate. We regard the XVII intermediate 

as the direct source for naphthalene and styrene. Based 

on the calculated reaction energies for TS13 (8.6 

kcal/mol) and TS14 (43.0), cyclisation of XVII into the 

XVIII moiety is kinetically preferred over elimination of 

a C2H2 molecule. The two-membered ring structure of 

XVIII resides 25.3 kcal/mol below the XVII moiety. 

Elimination of the out-of-plane H atom from the XVIII 

moiety produces the major experimentally detected 

product of naphthalene through a trivial endoergicity of 

5.2 kcal/mol. The XIX structure acts as a direct 

intermediate for the formation of styrene. It is concluded 

that the ultimate fate of the long-lived XI intermediate 

under further oxidation will be to form naphthalene. 

Reaction pathways in Scheme 4 clearly account for the 

formation of naphthalene in appreciable amounts from 

the oxidation of 4-chlorobiphenyl.  

Our quantum chemical studies have enabled 

identification of elementary reaction pathways in the 

oxidation of a model PCB (4-chlorobiphenyl).  In 

particular, we have established the important role that 

singlet delta oxygen plays in the presence of catalytic 

surfaces and the mechanism of liberation of free chlorine 

atoms.  This will enable construction of detailed kinetic 

models of the oxidation of PCBs and development of 

incineration techniques for their destruction which 

minimize emissions of harmful PCDD/Fs and other 

chloroaromatics. 

4. Conclusions  

By means of quantum chemical calculations, we 

have shown that the formation of 3-chlorodibenzofuran 

and benzaldehyde in an alumina reactor at temperatures 

at low as 350C can be attributed to oxidation by O2 

(
1
), whose formation is catalyzed by the reactor walls. 

The large yields of polychlorinated benzenes produced in 

this reactor are a consequence of chlorination-

dechlorination reactions also catalyzed by the alumina 

surfaces.  Chlorine atom formation arises from ipso 

addition of both singlet and triplet O2 at the 4-carbon 

position followed by Cl atom fission.  Styrene and 

naphthalene, both important products, arise from this 

same process.  Singlet delta oxygen reactions also 

proceed but to a greatly reduced extent in the unpassified 

high purity quartz  reactor. These reactions are negligible 

in the boron oxide passified quartz reactor. 

Conditions in the incineration or in fires of PCBs are 

likely to be influenced by catalytic surfaces [7] such that 

singlet delta oxygen reactions should drive the oxidation 

process. 
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Scheme 4: Pathways for formation of naphthalene and styrene. Values in bold and italic are the reaction and activation 

energies, respectively. Values are in kcal/mol at 0 K. 
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Abstract 
A new pilot plant burner is presented which has been designed to both demonstrate the process intensification of ammonium 

nitrate manufacture, and understand the kinetics of industrial ammonia combustion. Because the mechanism of the Pt-catalysed 

combustion of ammonia is poorly understood, burner design and operation is guided by general rules of thumb. This is particularly 

true in the understanding of the conditions which lead to N2O formation, generally held to be predominantly a function of pressure of 

operation. The burner described here is novel in two ways. Firstly, it is able to separate the process variables so only one is being 

manipulated at any time. Secondly an improved method of analysis of the products allows for precise determination of the N2O 

selectivity. Some results for N2O formation in the burner are shown, and proposed conditions to reduce the formation of N2O are also 

given. These conditions are reduced mass flux in the burner, an increased gauze temperature, and a higher ratio of oxygen to 

ammonia. In particular, we show that pressure alone has only a weak influence on N2O yields. 

 
Keywords: Ammonia combustion, Ammonium nitrate, Nitric acid, Nitrous oxide, Process intensification. 
 

 

1. Introduction 

 

Ammonia combustion is an integral part of the 

processes to make nitric acid and caprolactam. The 

designs of both processes are well developed, and the 

combustion is considered to be well optimised. This is 

despite very little being known about the combustion 

kinetics [1]. 

The first stage in both these processes is to mix 

ammonia with air at pressures between 1 and 14 bara, 

depending on the plant design. Combustion occurs as the 

mixture passes through a pack of platinum gauzes at 

temperatures in the range 750-950 °C (the higher 

temperatures usually corresponding to higher-pressure 

operation). Based on the nitrogen, the heterogeneous 

combustion yields 95-97% NO (Reaction 1), 2-4% N2 

(Reaction 2) and 1-3% N2O (Reaction 3), the precise 

figures depending on the flow conditions, temperatures 

and pressures. The overall reaction is limited by the 

transport of ammonia to the surface of the catalyst.  

 

                  (1) 

                      (2) 

                    (3) 

 

Surprisingly, given the large number of studies, and 

the age of the process, very little is known about the 

reaction kinetics of ammonia combustion. There is very 

limited understanding how the loss-forming reactions to 

N2 and N2O can be minimised, and there is great reliance 

on rough “rules of thumb”.  The general thinking is that 

higher pressure operation results in higher N2O 

formation [1]. 

The combustion products are then cooled, and 

absorbed in a large absorption tower - up to 6 m in 

diameter and 60 meters high. 

Traditionally ammonia is burnt in air, although in a 

number of instances processes designers have utilised 

ammonia combustion in steam and oxygen to obtain 

savings in capital costs, or substantial gains in process 

efficiency [2,3]. A new process developed at the 

University of Sydney also employs steam combustion, 

this time in order to intensify the manufacture of 

ammonium nitrate [4]. For the proof of concept a pilot 

plant burner was built, which is presented in this paper. 

A number of burners have been built to test 

ammonia combustion under industrial conditions, all 

with the aim of elucidating the combustion kinetics 

[5,6,7]. Only two other studies have attempted to burn 

ammonia in steam [8,9], both for the production of NO 

for caprolactam and nylon manufacture. The burner 

presented here differs from all previous burners in two 

ways. The first is that it has independent control of the 

process variables. For example, previous studies have 

not been able vary the oxygen-to-ammonia ratio without 

changing the ammonia concentration whereas this 

capability is available in our facility. A second point of 

difference is that a new method of analysis of the 

products has allowed for the determination of the N2O 

selectivity. Only one previous study was able to 

determine the formation of N2O, but unable to ascertain 

the selectivity to any reasonable accuracy [5]. Given 

N2O’s potency as a greenhouse gas, and that the 

conditions that reduce its formation are not understood, 

process variables that may act to minimise production 

are very much welcomed by industry [1]. 

This paper aims to give an oversight of the design of 

the burner, show some results obtained for N2O 

selectivity, and give some initial insight into the how 

formation of N2O can be reduced.  
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Figure 1. The process flow diagram of the ammonia burner. 

 

2. Experimental Setup 

 

The process flow diagram of the burner is shown in 

Figure 1, and detailed description of the process is 

given in [10]. Due to the risks associated with the feed 

and product gases, and the danger of formation of 

flammable gas mixtures, the burner is run by 

Distributed Control System (DCS). The DCS monitors 

pressures, temperatures and flows in the system, and 

can intervene if there have been any faults to the 

system. Changes to the flow conditions are done via a 

Human Machine Interface. 

The feed gases of argon, oxygen and helium are 

provided from gas cylinders, at a purity of 99.9% or 

greater, and metered using Brooks 5850E thermal mass 

flow meters. The ammonia is delivered as a liquid of 

purity greater than 99.7%; water is supplied from an ion 

exchange system (Millipore Ultrapure). Both these 

liquid flows are metered using Brooks QMBM Coriolis 

mass flow meters, and then vaporised in heat 

exchangers.  The feed gases are then mixed together 

and passed into the bottom of the reactor. The reactor 

consists of a jacketed pressure vessel, heated by hot 

compressed water to above 170°C, which ensures that 

no condensation occurs inside the vessel. Figure 2 

shows the reactor internals, and the jacketed pressure 

vessel. 

 
Table 1. The salient flow conditions of the burner. 

Total flow 0.5 – 3 kg.hr-1 

Gauze Loading 104 – 105  kg.d-1.m-2 

NH3 inlet conc. 8 – 14 Volume % 

O2 to NH3 ratio 1 – 3 mol:mol 

Temperature 500 – 900 °C 

Pressure 1 – 3.5 bara 

 

A steel duct in the reactor directs the flow of gases 

to the gauze pack. The duct is lagged with silica sheets 

to reduce decomposition of ammonia before the gauze, 

and contains a Raschig ring pack to ensure even flow 

distribution across the duct cross section. The gauze 

pack is typically between 4 and 8 layers of gauze, and 

is held between two nickel clamps. These clamps, 

attached to electrical feed throughs, allow current to be 

passed through the gauze. This electrical heating of the 

gauze is used for both ignition and temperature control 

of the gauze pack once the reaction has been initiated. 

The flow of hot combustion gases that leaves the gauze 

pack is directed out of the pressure vessel by use of a 

second duct the same size as the first. 

Two types of knitted gauze were used in the 

experiments, the first supplied by Johnson Matthey, 

Royston, and the second by Hereaus, Hanau. The 

gauzes have very different shape parameters, as can 

been seen in Figures 3 and 4 and Table 2 .  
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Figure 2 Schematic of the burner (1) Ducts (2) Raschig ring pack; (3) 

Silica quartz panels; (4) Alumina gasket (5) Thermocouples: (a) 
bottom (b) top of Raschig ring pack, (c) downstream of gauze; (6) 

Gauze pack; (7) Alumina gaskets; (8) Gauze clamp; (9) Electrical 

feed through; (10) Pressure vessel; (11) Hot compressed water; (12) 
Insulation; (13) Gas inlet; (14) Gas outlet. 
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Table 2. The gauze parameters. 

Parameter Gauze A Gauze B Unit 

Wire diameter 0.075 0.06 mm 

Gauze thickness 0.66 0.23 mm 

Surface area per unit volume 3925 5233 m-1 

Volume void fraction 0.926 0.922 - 

Area void fraction 0.492 0.795 - 

Mass per area 1020 379 g.m-2 

 

After leaving the pressure vessel the hot 

combustion gases, which are typically over 700°C, are 

cooled by a first heat exchanger to 200°C. They then 

pass on to a second heat exchanger, an absorber 

condenser, in the form of a printed circuit heat 

exchanger. In the narrow passages of this exchanger, 

condensation of the steam ballast occurs extremely 

rapidly, leaving a concentrated mixture of NO and O2 

which rapidly forms the acid precursors NO2, N2O3, 

and N2O4 – now the narrow passages promote the rapid 

absorption of these gases to give rise to the desired acid 

product. Overall, an intensification factor of 

approximately two orders of magnitude is achieved, 

relative to conventional absorption towers.  

The last part of the process is to separate the 

aqueous acid stream from the residual gases, with the 

liquid fraction being collected for titration, and the gas 

fraction sent to a micro gas chromatograph (µGC). The 

µGC is able to measure the mole fractions of helium, 

nitrogen, oxygen and nitrous oxide. A known flow of 

helium added to the feed gas, serves as a tracer, thus 

allowing the absolute flow rates of N2, O2, and N2O to 

be determined. Since all the ammonia fed to the burner 

is oxidised, the selectivity of ammonia conversion to N2 

and N2O is obtained directly and very accurately 

(<2.5% error) by comparison of the product flows to 

the flow of ammonia in to the burner. The 

corresponding error in the determination of the NO 

selectivity (the complement of the N2 and N2O 

selectivities) is <0.1%, much better than by the 

traditional “Gillard method” which is 0.6% [11]. 

Temperature measurement in the burner is by use 

of thermocouples with silica sheaths. Three 

temperatures are measured; the exit gas temperature 

5mm downstream of the gauze pack, and two 

temperature measurements in the Raschig ring pack. 

These two bed measurements are to determine pre-

ignition of the reactant mixture.  No attempt was made 

to measure the surface temperature of the gauze itself. 

3. Results 

 

Some results of the reactor are shown for N2O 

formation against the process variables of temperature, 

gauze loading, pressure, and oxygen to ammonia ratio. 

Figure 5 shows the NH3 selectivity to N2O versus 

temperature for three different loadings. At a given exit 

gas temperature, as the loading is increased the 

selectivity of ammonia to N2O increases. As the 

temperature is increased at a set gauze loading, the N2O 

decreases.   

 

 

Figure 3. Scanning Electron Microscope images of Gauze A.  

 

 
Figure 4. Scanning Electron Microscope images of Gauze B.   

 

Figure 6 shows the effect of pressure on the N2O 

selectivity for two gauze loadings. As the pressure is 

increased there is a small increase in the N2O 

selectivity. A doubling of the pressure equates to only a 

0.2% increase in the selectivity, whereas a doubling of 

the gauze loading sees an increase closer to 0.4%. 

 

 
Figure 5. The selectivity of NH3 to N2O versus exit gas temperature 

for three different loadings. (2 bara, 10 vol% NH3, [O2]:[NH3] = 2, 
[O2]:[Ar] = 9, 8 layers of Gauze B) 
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The selectivity of NH3 to N2O for a range of 

oxygen-to-ammonia ratios is shown in Figure 7.  As the 

oxygen-to-ammonia ratio is decreased below 2, the 

N2O selectivity rises for both gauze loadings. As the 

stoichiometric ratio for formation of NO (1.25, from 

Reaction 1) is approached, the N2O increases 

significantly.  

The effect of an increase in gauze loading is to 

increase the N2O formation, as is also apparent in 

Figure 5. This result reveals an effect not previously 

reported in the literature, namely that there is a 

significant change in selectivity towards N2O when the 

ratio of feed concentrations of oxygen and ammonia are 

varied through the normal industrial range from 1.9 to 

1.5. 

 
Figure 6. The selectivity of NH3 to N2O versus pressure. (Exit gas 

temperature of 800°C, 10 volume percent NH3, [O2]:[NH3] = 2, 
[O2]:[Ar] = 9, 8 layers of Gauze B). 

 

 
Figure 7. The selectivity of NH3 to N2O versus oxygen to ammonia 

ratio. (Exit gas temperature of 800°C, 2 bara, 10 volume percent NH3, 

[O2]:[Ar] = 9, 8 layers of Gauze B) 
 

4. Summary 

 

We have developed a pilot-scale reactor capable of 

replicating the range of conditions seen in an industrial 

ammonia burner, but with the advantage of offering 

independent control of parameters such as pressure, 

composition, temperature and loading. Our results show 

how process variables could be modified to reduce the 

selectivity of NH3 to N2O. These improvements are: 

1. A reduced gauze loading 

2. An increased gauze temperature 

3. An increased oxygen-to-ammonia ratio 

 

Current wisdom is that increased formation of 

N2O in high-pressure burners is the inevitable result of 

the pressure increase. However, the present results 

reveal that the pressure itself has only a weak effect. In 

fact, since high pressure burners operate at very high 

gauze loadings, our results demonstrating the marked 

sensitivity of N2O formation to the loading provide a 

clear, alternative explanation of why the N2O 

production is worse at higher pressure. Some low 

pressure plants also run with an oxygen-to-ammonia 

ratio close to 1.5, which may explain why high N2O 

selectivity is seen in these plants also.  

The pilot plant was also able to show that the 

intensification of nitric acid manufacture is possible, 

with a substantial decrease in the size of the absorber. 
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Abstract: Cleaner and more efficient combustion processes are demanded by the combustion industry due to fuel depletion and air 

quality issues. A numerical study of a laboratory scale combustor is reported. The numerical simulations were carried out using 

ANSYS Fluent 14.5. Turbulence was modelled using the realizable k–ε model. The combustion chamber is an open end cylinder with 

the burner mounted at the bottom of the combustor. Biogas was used as a fuel with 60% methane and 40% carbon dioxide and 

oxidiser used was atmospheric air and synthetic air by mixing oxygen and nitrogen. The oxygen dilution ratio was analysed at the 

exhaust gas recirculation (EGR) and air supply mixing area. The dilution ratio is 40% for atmospheric air and a lower ratio when the 

low-oxygen synthetic air was used. The temperature throughout the combustion chamber was found to be close to homogeneous. The 

inlet air velocity did not affect the chamber and EGR temperature. In these simulations, MILD combustion was achieved. 

Keywords: computational fluid dynamics, bluff-body MILD burner, biogas 
 

 

1. Introduction 

Clean energy production with lower emissions and 

higher efficiencies is becoming a global demand [1-3]. 

One of the new combustion technologies to reduce 

combustion pollution emission with higher thermal 

efficiency is moderate or intense low oxygen dilution 

(MILD) combustion [4-7] or flameless oxidation 

(FLOX) [8-9]. The desire to improve the efficiency 

with lower emissions has led to an increased interest in 

combustion modeling [10-11]. By using biogas [12-14] 

or low calorific value (LCV) gas, CO2 emitted by the 

combustion will be utilized by biomass, which is the 

source of biogas. In this study, LCV gas was produced 

by mixing methane and carbon dioxide. The purpose of 

this study is to analyze the chamber temperature and 

the oxygen dilution by exhaust gas recirculation (EGR). 

2. CFD Modeling  

Computational Fluid Dynamics (CFD) modeling 

has been successful in numerically solving many 

engineering problems [15-19]. Many researchers have 

successfully used numerical simulation to study MILD 

and flameless combustion [20-23]. The open furnace 

geometry is shown in Fig. 1, which will be used in the 

simulation work using FLUENT 14.5. The overall 

dimension is 2.0 m high and 0.6 m wide. Detail on the 

model setup is shown in Table 1. A bluff body burner 

was used to mix the streams, with the fuel nozzle (1 

mm in diameter) located at the center of the burner and 

fuel inlet directly under the fuel nozzle with inlet 

diameter of 10 mm . With a fuel injection velocity of 1 

m/s, the volume flow rate for the fuel was 7.85x10
-5 

m
3
/s. The air nozzle into the combustion chamber was a 

10 mm radius annulus with 392.5 mm
2
 opening fed by 

4 inlets that inject into each EGR pipe. Each air inlet 

diameter was 10 mm for a total of 314 mm
2
. The air-

fuel ratio used in this study was 4.4:1 [24]. The method 

of meshing was tetrahedrons (patch conforming) with 

advanced sizing function of proximity and curvature; 

detail settings for the modeling are reported elsewhere 

[25]. The mesh inflation for the near the wall was 5 layer 

with growth rate of 20%. Mesh element refinement was 

used at air, fuel inlet, air fuel nozzle and EGR inlet and 

outlet. The total number of mesh elements and nodes 

generated from the geometry was 687,940 and 247,254 

respectively. Figure 2 shows the mesh element from front 

view of the burner. The grid independence study was 

reported in [26]. 

 
 

 

Figure 1: Open furnace geometry with boundary conditions  

 

Table 1: Typical data for burner and combustion chamber 

Item Data 

Fuel 60% methane and 40% carbon dioxide 

Oxidizers 
Atmospheric and synthetic air at room 

temperature 

Fuel / Air Inlet 1 x 78.5 mm2 / 4 x 78.5 mm2 

Chamber size Diameter 600mm, Height 860mm 

EGR 4 EGR with 1962.5 mm2 each inlet 
 

The maximum Skewness was 0.8827, below the 

allowable limit of 0.9800, which is necessary to prevent 

divergence errors in the solution and allow satisfactory 

converge [24]. The simulation of MILD combustion 

involved the solution of the chemical reactions, turbulent 

flows, heat transfer and species transport. The chemical 

reactions were modelled by considering chemical 

equilibrium based on the mixture fraction with non-

adiabatic energy treatment. In this work, the Reynolds–

Averaged Navier–Stokes (RANS) equations together 

Chamber 

4 air inlets 

Fuel inlet 

Exhaust 

EGR pipe 

EGR and inlet 

air mixing area 

mailto:muhamad@ump.edu.
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with the realizable k-ε turbulence model [27] were 

solved. The discrete ordinate (DO) radiation model [28] 

and absorption coefficient of weighted sum of gray gas 

(WSGGM) model was used. 

  
Figure 2: Model after meshing 

The fuel for this study was biogas, which is a LCV 

gas. The biogas was produced by mixing 60% methane 

and 40% carbon dioxide. The parameters studied were 

air and fuel inlet velocity, exhaust opening and air inlet 

oxygen mole fraction content. For exhaust opening, the 

parameters selected were 5% opening which was nearly 

fully closed and 95% opening which was nearly fully 

open. Tables 2 and 3 show the parameters for the air 

and fuel inlet velocity and oxygen mole fraction. 
 

Table 2: Air and fuel inlet velocity for oxygen mole fraction 

Air Inlet 
(m/s) 

Fuel inlet (m/s) for air oxygen mole fraction of 

7% 21% 

7 2.1 6.4 

8 2.4 7.3 

9 2.7 8.2 

10 3.0 9.1 

15 4.5 13.6 
 

Table 3: Oxygen mole fraction and fuel velocity for 10m/s air inlet 
Air oxygen 

mole fraction 

(%) 

3 7 11 15 19 21 23 

Fuel Inlet 

(m/s) 
1.3 3.0 4.8 6.8 8.2 9.1 10 

 

The aim of this study was to investigate the 

phenomena of MILD combustion using open chambers 

with EGR; the current study investigates the behavior 

with low and high amounts of EGR. Besides the 

chamber maximum and average temperature, the 

temperature after the air and EGR have mixed also 

reported. The oxygen dilution and the oxidant 

temperature are the important parameters to achieve the 

MILD regime. Therefore the oxygen dilution was 

measured in this study. 

3. Results and Discussions 

The results of the simulations are discussed below. 
 

3.1 Temperature measurement 

The simulation results for the temperature 

distributions are shown in Figs. 3–7. The temperature 

contours for synthetic air with 7% oxygen and 

atmospheric air are compared in Fig. 3. The chamber 

average temperature for the combustion of biogas with 

synthetic air with reduced oxygen mole fraction is 

lower (842K) compared to the normal oxygen level 

(1175K). Figure 4 shows the combustion chamber 

contour of temperatures for exhaust opening of 95%. 

The majority of both domains are close to the average 

temperature of the combustion chamber: for synthetic air 

with 7% oxygen, the displayed temperature range is 

820K to 870K and for the atmospheric air, temperature 

range is 1160K to 1220K. 
 

  

Figure 3: Chamber temperature distribution for the exhaust opening of 

95% on the synthetic air with 7% oxygen (left) and atmospheric air 
(right). 

 

 
Figure 4: Chamber temperature distribution for 95% exhaust opening, 

synthetic air with 7% oxygen (left) showing 820–870K and atmospheric 

air (right) showing 1160–1220K 
 

Figure 5 shows the equivalent results to Fig. 4 for 

exhaust openings of 5%. The majority of both domains 

are close to the average temperature of the combustion 

chamber: for synthetic air with 7% oxygen, the displayed 

temperature range is 825K to 870K and for the 

atmospheric air, temperature range is 1150K to 1230K. 
 

 
Figure 5: Chamber temperature distribution for 5% exhaust opening, 

synthetic air with 7% oxygen (left), range from 825K to 870K and 

atmospheric air (right), range from 1150K to 1230K 
 

This result signifies that the chamber average 

temperature is identical for both 5% and 95% exhaust 

opening, so the EGR is effective even for small amounts. 

The temperature distribution with small range proves that 

the MILD combustion was achieved for the simulation 

for both synthetic and atmospheric air. The temperature 

distributions for both Figs. 4 and 5 show that the hottest 

zone is slightly above the fuel nozzle where the streams 

first mixed. The maximum chamber temperature is 

shown in Fig. 6. Maximum and average temperature 
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inside the chamber and air mixing temperature is 

plotted in Figs. 7 and 8. The exhaust opening of 5% and 

95% do not affect the chamber temperature. The 

average chamber temperature for both cases is below 

1300K. 

 
Figure 6: Maximum and average chamber and mixing temperatures. 

Exhaust opening 5%, –; Exhaust opening 95%, --. 
 

Figure 7 shows the maximum and average 

chamber temperature and air mixing temperature for 

differences air inlet velocity. From the result, it shows 

that the air inlet velocity has negligible effect on the 

temperature.  
 

 
Figure 7: Effect of air inlet velocity to chamber and mixing 

temperatures 
 

3.2 Oxygen dilution 

Oxygen dilution is very important to achieve 

the MILD combustion regime: oxygen mole fraction 

must be in the range of 3-13% [6,29]. Oxygen dilution 

can be measured by the dilution ratio (Kv). Wünning 

and Wünning [30] calculated the dilution ratio KV with 

EGR as: 

     
    

(        
  

 (           

(        
                 (1) 

The total mass flow rate (MT) is calculated by 

adding up the EGR mass flow rate (MEGR), fuel mass 

flow rate (MF) and fresh air mass flow rate (MA). The 

equivalence of mass and volume flow rates is for 

constant-density processes. Figure 8 shows the oxygen 

mole fraction at air inlet and oxygen mole fraction 

dilution after the inlet air has mixed with the EGR: this 

is the oxidizer stream in the combustion chamber.  

 
Figure 8: Oxygen mole fraction for inlet oxidant (x-axis) and diluted 

oxidant that entering combustion chamber (y-axis). 
 

There are only small differences between the 

exhaust openings of 5% and 95%. Figure 9 shows the 

ratio of the inlet oxidant that is diluted by the EGR. The 

ratio increases monotonically with increase in oxygen 

mole fraction. 

 
Figure 9: Oxygen mole fraction for inlet oxidant (x-axis) and the ratio 

of diluted oxidant that entering combustion chamber (y-axis). 
 

Figure 10(left) shows the diluted oxygen mole 

fraction for synthetic air of 7% oxygen, which is diluted 

by the EGR to the level of 5.6%. Figure 10(right) shows 

that the oxygen was consumed in the combustion process. 
 

  
Figure 10: Oxygen mole fraction diluted for synthetic air with 7% 

oxygen. The mole fraction is shown for the full range of 0 to 7% (left) 
and the range of 0 to 1x10-8 % (right). 

 

Similar behaviour is seen for methane (Fig. 11(left)) 

where 60% of methane mole fraction was consumed in 

the combustion process; less than 0.75% was unburned 

(Fig. 11(right)) and released with the exhaust gas.   
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Figure 11: As per Fig. 10 for methane mole fraction with full range of 

0 to 60% (left) and the range of 0 to 0.1 % (right). 
 

Figure 12(left) shows CO mole fraction where 

very low percentage (0.4%) was released as a 

combustion product. Fig. 12(right) is CO2 mole fraction 

where 40% was injected through fuel inlet and 7% of 

CO2 was released together with exhaust gas. Water 

vapour in combustion product was 6.42% as shown in 

Fig. 13. If higher air-fuel inlet ratio (6.0:1) was used, 

water vapour is 6.29% and if lower air-fuel inlet ratio 

(2:1), water vapour is 6.59%. This is due to the higher 

fuel inlet producing more water vapour from the 

combustion process. 

      
Figure 12: CO and CO2 mole fraction with CO for the range of 0 to 

0.4% (left) and CO2 for the range of 0 to 40% (right). 

  
Figure 13: Water vapour mole fraction 

 

These simulation results will be validated by 

experimental technique as the burner has been 

manufactured and is about to undergo commissioning, 

as shown in Fig. 14. More details about the burner 

design and development can found in [31-32]. It’s 

allow the chamber to operate as a fully open, partially 

open or nearly closed furnace. This setting will result in 

different amounts of EGR to dilute the oxidant. 
 

    
Figure 14: Burner development, whole furnace (left) and damper 
for exhaust at the top of the burner and EGR pipe (right). 

4. Conclusion 

The flame temperature in MILD combustion regime 

is studied numerically for non-premixed combustion with 

chemical equilibrium and non-adiabatic energy treatment 

using RANS equations and realizable k-ε turbulence 

model. Of primary interest were the temperature 

distributions in the chamber and oxygen dilution when 

mixing fresh air and EGR flue gas. The exhaust settings 

were 95% open for near fully open chamber and 5% open 

for near fully close chamber. A few conclusions can be 

made from the study: 

i. The chamber temperature distribution was found to 

be in a small range: between 820K to 870K for the 

synthetic air with 7% oxygen and between 1150K to 

1230K for normal atmospheric air.  

ii. The chamber temperature distributions are identical 

for both 5% and 95% exhaust opening. 

iii. Air inlet velocity has no effect on the chamber and 

air mixing temperatures. 

iv. The oxygen diluted ratio for atmospheric air is 

about 40% and the oxygen mole fraction reduces 

from 21% to 12.6%. This is below 13% as a 

requirement to achieve MILD combustion.  

v. The numerical analysis has met the purpose of the 

study with the chamber’s temperature distribution 

showing that MILD combustion was achieved as 

required.  
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Abstract 
In this work, the large eddy simulation (LES) technique is employed to computationally model a lifted jet flame at conditions 

representative of those encountered in diesel engines. An unsteady flamelet progress variable (UFPV) model is used for 

turbulence/chemistry interactions. In the model, a look-up table of reaction source terms is generated as a function of mixture fraction 

Z, stoichiometric scalar dissipation rate χst, and progress variable Cst by solving the unsteady flamelet equations. In the present study, 

the progress variable is defined based on the sum of the major combustion products. A 37-species reduced chemical reaction 

mechanism for n-heptane is used to generate the UFPV libraries. The results show that ignition initiates at multiple points in the 

mixing layer around the jet, towards the edges of the jet, where the mixture fraction is rich, and the strain rates are within the ignition 

limits. These ignition kernels grow in time and merge to form a continuous flame front. Lift-off height is determined by the minimum 

axial distance from the orifice below which the local scalar dissipation rate does not favor ignition.  

 
Keywords: Lifted flames, Unsteady flamelet progress variable, Flame dynamics, Large-eddy simulation, Diesel jets. 
 

 

1. Introduction 

 

In recent years, it has been shown through 

experimental studies that flame lift-off in reacting diesel 

jets is related to soot concentration in the jets [1, 2]. The 

suggestion is that the higher the lift-off, the greater the 

mixing upstream of the lift-off height which results in 

lower soot formation downstream in the jet. If this is 

indeed the case, predicting lift-off in reacting diesel jets 

is important in the context of multidimensional modeling 

of the jets. Accurate modeling, however, requires an 

understanding of the physics of lift-off. Bajaj et al. [3] 

have shown that an unsteady flamelet progress-variable 

(UFPV) model implemented within a Reynolds-

Averaged Navier-Stokes (RANS) framework can predict 

ensemble-averaged ignition delay and lift-off height. The 

prediction of soot and NOx is, however, likely to be 

dependent on the highly transient nature of the reacting 

turbulent jet. Furthermore, large scale turbulent 

structures and unsteady effects (e.g. extinction, re-

ignition, flame weakening) are likely to influence mixing 

and subsequently soot and NOx formation. RANS 

simulations cannot predict these unsteady effects and 

large-eddy simulations (LES) are required. 

In the present study, LES is carried out of a jet 

generated by injecting n-heptane vapor at 373 K into air 

at a temperature of 1000 K and a pressure of 40 bar with 

a velocity of 150 m/s (corresponding to Re=250,000) 

through an orifice diameter of 200 µm. The 

computational domain, and the subgrid models used to 

model the turbulence and turbulence-chemistry 

interactions are discussed next. Results and discussion 

follow. The paper will end with summary and 

conclusions. 

 

 

2. Computational Model 

  

The computations are performed in a three-

dimensional domain (Fig. 1) which extends 150 

diameters in the axial direction and 75 diameters in the 

radial direction. The computational grid consists of 

approximately 7.9 million grid points (350 x 150 x 150). 

The grid is stretched in both the axial and radial 

directions with the maximum resolution located along 

the jet centerline. The grid spacing in the axial direction 

varies from 0.25 jet diameters near the inlet boundary to 

0.50 jet diameters near the outlet boundary, and the grid 

spacing in the radial direction varies from approximately 

0.10 jet diameters at the jet axis to 1.70 jet diameters at 

the side boundaries. Except for the inlet boundary, all of 

the domain boundaries are implemented as subsonic 

non-reflecting outflow conditions. The implementation 

details of these boundary conditions are discussed in 

Abraham and Magi [4] and Anders et al. [5]. Due to the 

presence of the higher velocity, temperature, and density 

gradients, the Artificial Diffusivity Scheme (ADS) sub-

grid scale model introduced by Kawai and Lele [6] is 

employed to obtain stable results. 

The UFPV model described in the work of Bajaj et 

al. [3] is used as the turbulence-chemistry interaction 

model. n-Heptane is employed as the surrogate fuel as in 

the work of Bajaj et al. [3]. A 37-species chemical 

reaction mechanism developed by Peters et al. [7] is 

employed to generate the UFPV libraries. In the UFPV 

model, the reaction rates are tabulated as a function of 

three independent variables - mixture fraction Z, scalar 

dissipation rate χst, and the progress variable C. For the 

tabulation, 51 points are used in the Z coordinate, 10 

points in χst coordinate and 21 points in the C coordinate. 
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The accuracy of the resolution adopted has been assessed 

by refining the number of points and repeating the 

computations. Additional details about this modeling 

approach can be found in Bajaj [8] and Bajaj et al. [3]. 

 

 
Figure 1. Computational domain and boundary conditions for LES  

3. Results and Discussion 

 

The LES of the jet was carried out until 1.0 ms after 

start of injection (ASI); the lift-off height reaches a 

steady value at approximately 0.65 ms. Figures 2 (a) - (c) 

show the transient evolution of the temperature in the 

central X-Y plane at three instants ASI. The different 

stages of ignition, flame development and flame 

stabilization are evident in these figures. It is found that 

the ignition delay is about 0.32 ms based on the criterion 

of when the temperature first reaches 1500 K. Figure 2 

(a) shows temperature at 0.32 ms ASI. Ignition is 

noticeable at the leading edge of the jet. This ignition 

kernel grows with time. Meanwhile additional ignition 

kernels develop in the jet as can be seen in Fig. 2(b) 

which shows the temperature contours at 0.39 ms ASI. 

These ignition kernels develop spatially in time, and then 

merge to form a continuous flame (see Fig. 2 (c)). The 

lift-off height for this case is seen to be at the 

approximate axial distance of x/D = 45, i.e. 9 mm. There 

is no noticeable propagation of the flame upstream and 

the stabilization occurs at approximately the distance 

where the farthest upstream ignition occurs. Bajaj et al. 

[3] suggested by analyzing their RANS simulations that 

the lift-off height is at the location where the local scalar 

dissipation rate is equal to the ignition scalar dissipation 

rate. Examination of the scalar dissipation rate 

distribution in the results from these LES results show 

that the same mechanism is controlling in the LES.  

Figure 3 shows the equivalence ratio-conditioned 

temperature averaged in the axial planes plotted as a 

function of the axial distance (only two equivalence 

ratios, 1.0 and 0.5, are shown). Figure 3 also shows that 

the temperature of 1500 K is reached at approximately 

x/D = 45. As expected the maximum temperature in the 

domain is observed in the stoichiometric mixture. Note 

that the temperatures in the stoichiometric mixture vary 

considerably depending on the strain rate and so the 

average temperature is noticeably lower than the 

corresponding adiabatic flame temperature.  
 

 
(a) 

  
(b) 

 
(c) 

Figure 2. Transient evolution of the temperature in the central X-
Y plane at (a) 0.32 ms, (b) 0.39 ms and (c) 0.50 ms ASI. 

 

 
Figure 3: Variation of temperature conditioned with equivalence 

ratio as a function of the axial distance. 

Understanding of these results often requires two-

dimensional and three-dimensional views. This is 

especially important when drawing conclusions about 

local extinction. Figure 4 shows the flame surface in two 

different viewing orientations. The top row of figures 

show the low temperature contours (< 1500 K) in the 

central X-Y plane at 3 different time instants. At a time 

of 0.65 ms ASI, an ignition kernel can be seen at a 

location upstream of the lift-off height. As time 

progresses, this ignition kernel diminishes in size and is 

seen to be completely “extinguished” by the time of 0.75 

ms. The second row of figures shows the temperature 

iso-surface of 1500 K at these same time instants, but 

now viewed from the X-Z plane. The circled part in 

these figures shows the location of the same ignition 

kernel. It can be now seen that the ignition kernel does 
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not actually extinguish but in fact rejoins the main flame 

front through a different plane. This development of the 

flame is seen to be in agreement with experimental 

observations of Takahashi and Goss [9] where local 

extinction is not visible upstream of the lift-off height. 

The bottom row of figures show the high-temperature 

contours (>1500 K). Significant variation in temperature 

can be seen. This was discussed earlier in relation to Fig. 

3. This arises on account of the variations in scalar 

dissipation rate. The results show that the flame 

dynamics near the lift-off height is highly unsteady. The 

effect of such unsteadiness has been explored in prior 

studies [10, 11]. 

Figure 5 shows the velocity flow field near the lift-

off height at two time instants. The left column shows 

the temperature contours and iso-lines of mixture 

fraction (Z=0.05 and Z=0.08), overlaid with the velocity 

vectors, and the right column shows the vorticity 

contours at the same physical time. Indirectly, these 

vorticity contours can be a measure of turbulence 

intensity. The vorticity values below 10,000 s
-1

 are 

shown as the white region. It is seen that the maximum 

temperatures are observed in regions where the mixture 

fraction lies between 0.05 and 0.08. This is not 

surprising as the stoichiometric mixture fraction for n-

heptane is 0.062. It is also important to note that there 

are regions of the jet where the mixture fraction lies in 

this range but high-temperature reactions are not 

sustained because the strain rates in those regions are 

large. It can also be seen that the high temperature 

regions are located at regions where the vorticity are low 

(< 15,000 s
-1

). The local turbulent flow field leads to the 

oscillation of the flame stabilization location about the 

nominally steady location of 9 mm (Figs. 5 (a) to (b)). 

The time-varying turbulent flow field near the flame 

stabilization location changes the structure of the flame 

with time. Another interesting aspect of this region is the 

presence of distinct large vortices at the flame 

stabilization location, as evident in Fig. 5. These vortices 

are not associated with large vorticity values but they can 

lead to large-scale mixing. Such vortices may play a role 

in stabilizing the flame as hypothesized by Broadwell et 

al. [12]. They hypothesized that flame stabilization 

occurs when hot gases, which have been convected to 

the edge of the jet by large-scale turbulent structures 

upstream of the plane of flame stabilization, are re-

entrained and ignite non-combusting eddies of the jet 

[13]. If the mixing rate is too high, there is insufficient 

time for reactions to occur causing the gases to cool 

rapidly and ignition is prevented.  
 

 

  

 
Figure 4: Transient evolution of flame upstream of the lift-off height at 0.65 ms, 0.70 ms and 0.75 ms. Top row: low temperature (<1500 K) 

contours in the XY plane; Middle row: temperature iso-surface (1500 K) shown from the XZ plane; Bottom row: high temperature (>1500 K) contours 
in the XY plane 
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(a) 

   
(b) 

Figure 5: Flow field near the lift-off height at (a) 0.75 ms and (b) 0.80 ms ASI. The left column shows the temperature contours and the right column 

shows the vorticity contours. The dimensions on the axes are in m. Orifice diameter is 0.0002 m. 

 

4. Conclusions 

In the present study, LES of a lifted n-heptane 

turbulent reacting jet at high temperature and pressure 

conditions representative of those in diesel engines is 

performed. It is seen that ignition occurs at multiple 

locations along the edges of the jet. The ignition kernels 

grow in time and merge to form a continuous flame 

front. The lift-off height is determined by the minimum 

axial distance below which the local flow conditions do 

not favor the formation or growth of ignition kernels. 

The flame structure is seen to be highly unsteady, and 

affected strongly by the local flow-field. Large scale 

structures are observed near the lift-off height and it is 

possible that these structures can also lead to flame 

stabilization. This needs further study. 
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Abstract 
It has been suggested that fuel/air mixing upstream of the lift-off height influences the formation of soot in reacting diesel 

jets. Hence, greater lift-off height results in more mixing, resulting in less soot.  In this work, computations of reacting diesel jets are 

carried out for a wide range of conditions by employing a RANS model in which an unsteady flamelet progress variable (UFPV) 

submodel is employed to represent turbulence/chemistry interactions. The conditions selected reflect changes in injection pressure, 

chamber temperature, oxygen concentration, ambient density, and orifice diameter. As reported in prior work, the UFPV model 

predicts the ignition delay and flame lift-off height within about 25% of reported measurements. Soot is modeled using a kinetic 

model in which hydrogen-abstraction followed by carbon-addition results in the formation of polycyclic aromatic hydrocarbons 

(PAHs) which act as precursors to soot. For all cases, except the cases with different orifice diameter and ambient density, the soot 

concentration decreases with increasing lift-off height when the lift-off height is appropriately normalized. Analysis of the entrained 

mass upstream of the lift-off height confirms that this correlation arises from variation in entrained mass.  

 

Keywords: diesel, jets, lift-off height, soot, formation 
 

 

1. Introduction 

 

Understanding soot formation in reacting diesel jets 

as it relates to lift-off height Lf is important as the 

behavior of Lf can then be a predictor of soot formation 

in diesel engines. It has been suggested that the 

premixing of fuel and air upstream of the Lf has a 

significant effect on the formation of soot in the jet. The 

larger the Lf, the more air is entrained into the jet 

upstream of Lf. As the ratio of air entrainment rate to 

fuel mass flow rate increases, the less soot is formed 

[1,2]. Experiments have shown that changes in Lf caused 

by changes in ambient conditions and injection pressure 

affect the fuel-air mixture at the lift-off height [3]. In this 

work, a computational model will be employed to 

explore the relationship between soot formation and Lf. 

Table 1 lists a set of measured conditions which will 

be considered in this work. Measurements were made in 

a constant-volume chamber (www.sandia.gov/ecn/). The 

parameters dnoz, Pinj, Pamb, Tamb, ρamb, and O2 % represent the 

nominal injector orifice diameter, the injection pressure, 

the pressure in the chamber, the chamber temperature, 

the chamber density, and the percentage of oxygen in the 

chamber, respectively. The structure of vaporizing diesel 

sprays in conventional diesel engines under high 

pressure and high temperature conditions has been 

shown to be momentum-controlled and it can be well-

approximated using vapor jets with the same mass and 

momentum flow rates as the liquid spray [4-7]. In Table 

1, dgas is the equivalent diameter of an injector that 

injects the vapor. Bajaj et al. [4] employed the same 

computational model that will be employed in this work 

and showed that lift-off heights agree within 25% and 

ignition delays within 30% of measured values. The 

measured and computed values are listed in Table 2. The 

normalized lift-off height Lf
*
 in Table 2 will be 

explained later. The present work is an extension of the 

work of Bajaj et al. and computes the soot and NO in the 

same 9 jets. In this paper only the soot results will be 

presented. The next section will discuss the 

computational model employed. Results and discussion 

will follow. The paper will close with summary and 

conclusions.  

 
Table 1. Computed conditions 

Case 
 

dnoz  

(mm) 
dgas  

(mm) 
Pinj 

(MPa) 
Pamb  

(bar) 
Tamb 

(K) 
ρamb 

(kg/m3) 
O2% 

1 0.1 0.199 150 42.66 1000 14.8 21 

2 0.1 0.199 60 42.66 1000 14.8 21 

3 0.1 0.1745 150 55.45 1300 14.8 21 

4 0.1 0.2097 150 38.39 900 14.8 21 

5 0.1 0.199 150 43.02 1000 14.8 15 

6 0.1 0.199 150 43.2 1000 14.8 12 

7 0.1 0.199 150 43.45 1000 14.8 8 

8 0.18 0.3858 140 42.66 1000 14.8 21 

9 0.1 0.1397 150 86.47 1000 30.0 15 

 
Table 2. Computed and measured ignition delay and lift-off height 

Case 

Ignition Delay (ms) Lift-off Height (Lf) 

Measured Computed 
Measured  

(mm) 
Computed 

(mm) 
Normalized 

(Lf*) 

1 0.53 0.542 17.00 18.50 30.57 

2 -- 0.615 13.50 15.05 24.87 

3 0.26 0.209 7.70 8.05 13.43 

4 0.79 0.89 25.50 23.30 38.51 

5 0.73 0.56 23.20 22.90 37.84 

6 0.947 1.225 29.20 27.30 45.11 

7 1.52 2.17 42.30 52.88 87.37 

8 0.57 0.65 23.97 25.80 21.99 

9 0.38 0.175 11.90 12.00 28.24 
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2. Computational Model 

 

     The REC code employed by Bajaj et al. [4] is 

used in this work. Turbulence is modeled using the k-ε 

model with boundary layers modeled using wall 

functions.  The REC model has been used in computing 

diesel jets in many prior studies [5,6].  Considering the 

turbulent diffusion flame as an ensemble of strained 

laminar flamelets [8], turbulence/chemistry interactions 

are modeled using the unsteady flamelet progress 

variable (UFPV) model [4]. In the model, the averaged 

chemical source terms are determined using the local 

temperature T, local mixture fraction Z, and local scalar 

dissipation rate χ. Instantaneous (non-averaged) 

chemical source terms are tabulated in libraries as a 

function of mixture fraction Z, stoichiometric scalar 

dissipation rate χst, and the stoichiometric progress of 

reaction variable Cst.  

The soot is modeled using a kinetic mechanism [9, 

10]. In this model, the polycyclic aromatic hydrocarbons 

(PAHs), from which soot forms, are formed by 

Hydrogen-Abstraction-Carbon-Addition (HACA). The 

method of moments is then used to solve for the soot 

volume fraction and the soot number density [11,12].  

When extending the UFPV model to compute soot, the 

following approach is used: the soot volume fraction and 

soot number density are tabulated as a function of the 

same three variables as for the chemical source terms 

described earlier. However, since soot variables do not 

reach equilibrium values, unlike temperature and species 

mass fractions, time is employed as the progress variable 

for the soot variables. 

A 44-species, 185-step reaction mechanism is 

employed to model n-heptane oxidation [4]. This 

mechanism is not suitable for the soot kinetics 

considered in this study. For this purpose, a 160-species, 

1995- step reaction mechanism is employed. When using 

the RANS model, the average scalar dissipation rate is 

modeled as [13] 

 ̃    
 

 
   ̃ ,                  (1) 

where Cχ is a constant and Z”
2
 is the variance of the 

mixture fraction. The choice of Cχ determines the 

numerical value of the scalar dissipation rate. In 

particular, the choice will determine the physical 

distribution of the scalar dissipation rates in the jet.  

Bajaj et al. [4] concluded that the lift-off height was at 

the location where the ignition scalar dissipation rate 

matched the local scalar dissipation rate, i.e. the 

predicted lift-off height will depend on Cχ. The two 

reaction mechanisms employed have different ignition 

and extinction scalar dissipation rates. Hence, the value 

of Cχ which predicts measured parameters will be 

different for variables computed employing the two 

mechanisms. For the Lf and ignition delay predictions 

using the 44-species, 185 reaction mechanism for n-

heptane for Cχ was found to be 6.5 [4].This constant is, 

however, unlikely to be applicable when the 160-species 

1995-step mechanism is employed. Independently of this 

effect, the constants in the variance equation are likely to 

need adjustment. For the purpose of this work, Cχ has 

been assumed to be an adjustable constant whose value 

was optimized to give the best (soot distribution) results 

for the 9 cases considered. 

3. Results and Discussion 

 

Figures 1 (a) – (c) show the development of flooded 

mixture fraction contours at various times after start of 

injection (ASI) for Case 1 of Table 1 and Figs. 2 (a) – (c) 

show the development of the corresponding flooded 

temperature contours [14,4]. At about 0.55 ms, ignition 

occurs about 3.4 cm downstream of the orifice, near the 

leading tip of the jet. As described by Bajaj et al. [4], an 

ignition front propagates outwards from the point of 

ignition toward the stoichiometric surface (Fig. 2 (a)) 

followed by flame front propagation upstream along the 

stoichiometric surface (Fig. 2 (b)). Meanwhile the jet 

penetrates farther into the chamber. The flame that 

propagates upstream stabilizes at a lift-off height of 1.8 

cm where the ignition scalar dissipation rate is equal to 

the local scalar dissipation rate (Fig. 2 (b)). As the 

reacting jet continues to develop, the change in lift-off 

height is negligible (Fig. 2 (c)).  

Now we will present the computed results of soot in 

the jet, starting with the evolution of soot for Case 1 at 

various times after ignition at the same 3 instants as Fig. 

2. Figure 3 shows the soot volume fraction in the jet.  

Obviously, the selection of the cut-off values for the 

volume fraction will affect the visual results. For the 

selected contour values, soot is not noticeable in the first 

time instant. Subsequently, the soot volume fraction 

increases with time and the peak value is observed at 

increasing axial distances as time increases (compare 

Figs. 3(b) and (c)). This reflects the combined effect of 

the soot being advected downstream and additional soot 

being generated in the jet with increasing time. The peak 

soot concentrations are confined to the center of the jet 

along the axis near the head vortex of the jet.  

 

 
            (a)                                (b)                               (c)   

Figure 1. Development of mixture fraction in jet, Case 1 

 

 
              (a)                                 (b)                               (c)   
Figure 2. Flame development in jet, Case 1  

 

 
              (a)                                 (b)                               (c)   
Figure 3.  Development of soot volume fraction in jet, Case 1 
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Figure 4. Soot volume fraction for the 9 cases of Table 1 at 4 ms ASI.  

       

 
Figure 5. Quasi-steady soot volume fraction distribution of Case 1 

(www.sandia.gov/ecn/). 

 

Figure 4 shows the soot distribution for the 9 cases 

of Table 1 at 4 ms ASI. Figure 5 shows the measured 

soot volume fraction of Case 1 in the quasi-steady part 

of the jet. These results are obtained by combining time 

averaged line-of-extinction data and soot profile LII 

imaging. Similar results are available for Cases 5, 6, 7, 

and 9 (www.sandia.gov/ecn/).  The time averaging can, 

of course, be carried out only in the quasi-steady part of 

the jet. The computed results are shown at 4 ms. The 

part of the computed jet upstream of the head vortex 

can be assumed to be at quasi-steady state. In this 

region, there is qualitative agreement of the measured 

and computed results in terms of location of peak 

values and distribution. In fact, there is quantitative 

agreement within a factor of about three. Table 3 shows 

the mass of soot msoot in the chamber at 4 ms ASI for 

the 9 cases. Also shown in Table 3 is msoot* which are 

values of soot which have been normalized by the total 

mass of fuel injected during 4 ms. 

Next, the correlation of the msoot with Lf and 

entrained mass    at the Lf will be examined. It seems 

reasonable to assume that the more the air entrained, 

the less the amount of soot formed. In particular, it 

appears reasonable to suggest that the more the air 

entrained upstream of the lift-off height, the less the 

amount of soot formed downstream of the Lf [1]. Note 

that the air entrained downstream of the lift-off height 

is reacted at the flame front.  The rate of entrained mass 

flow rate  ̇  normalized by the injected mass flow rate 

 ̇  is given by the following expression [7,14]: 

    
 ̇ 

 ̇ 
 
  

 
(
  

  
)
   

  ,              (2) 

where K is a constant,  ̇  is the mass flow rate of 

entrained air,  ̇   is the mass flow rate of fuel injected, 

x is the axial distance from the orifice, d is the diameter 

of the nozzle,    is the density of ambient chamber air, 

and    is the density of the injected fuel. In fact, the 

combination of variables (1/d)(   /   )
0.5

can be 

considered to be a normalizing variable for the 

distance. In Table 2, the normalized values of lift-off 

heights are shown in the last column where 

  
    (

  

  
)
   

(
 

 
).                    (3) 

It is useful to compute the ratio of entrained to 

injected mass flow rate at the lift-off height. Results for 

reacting and non-reacting jets are given in Table 4 

along with the results from Eq. (2) where K is chosen to 

be 0.32 for quasi-steady jets. Comparing the lower 

injection pressure Case 2 with its baseline Case 1, 

Table 2 shows that the Lf*  is shorter in Case 2. 

Although the ignition scalar dissipation rates are the 

same for both cases, the local scalar dissipation for 

Case 2 is lower as a result of the lower injection 

velocity and this results in shorter Lf*.  Equation (2) 

shows that at the same axial distance,   ̇  ̇ ⁄  is the 

same; but, because the Lf is shorter, the ratio is smaller 

in Case 2 as shown in Table 3. Comparing the 

normalized value of soot for Case 2 with Case 1, Case 2 

is higher as expected. In Case 3 the ambient 

temperature has been increased to 1300 K which 

increases the ignition scalar dissipation rate resulting in 

decreased lift-off height. This decreases the  ̇  ̇ ⁄   at 

the lift-off height and increases the normalized soot 

compared to Case 1. Cases 4-7 follow the same 

argument as Case 3 where a decrease in ignition scalar 

dissipation rate as a result of lower temperature in Case 

4 and progressively lower oxygen concentrations in 

Cases 5-7 increases the Lf* and therefore increases the 

 ̇  ̇ ⁄ , decreasing normalized soot.  

Case 8 is an interesting one because the nozzle 

diameter is 1.8 times greater compared to Case 1. The 

ignition scalar dissipation rates of Case 1 and Case 8 

are equal.  The results suggest that the increase in 

diameter increases the local scalar dissipation rate and 

therefore increases the Lf. When normalized, however, 

Lf* is shorter than Case 1 as seen in Table 2. Equation 

(2) supports this by showing that the effect of the 
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increase in diameter results in  ̇  ̇ ⁄  being less than 

that of Case 1, increasing normalized soot.  

 
Table 3. Computed and calculated   ̇   ̇  at lift-off height with 
actual and normalized mass of soot at 4 ms ASI 

CASE 

 ̇   ̇  

msoot (g) msoot * Computed Calculated 

Reacting Non- React Eq. (11) 

1 10.56 9.81 9.78 6.01E-08 2.23E-05 

2 9.18 8.24 7.96 5.51E-08 3.24E-05 

3 4.13 3.96 4.30 9.63E-08 3.57E-05 

4 14.89 14.04 8.89 3.81E-08 1.41E-05 

5 14.40 12.78 12.11 1.43E-08 5.73E-06 

6 16.24 15.48 14.43 3.22E-09 1.29E-06 

7 29.19 30.48 27.96 1.35E-14 5.41E-12 

8 7.33 6.77 7.04 3.62E-07 3.96E-05 

9 7.08 8.89 9.03 1.26E-08 4.66E-06 

 

When the chamber density increases in Case 9, the 

ignition scalar dissipation rate increases. Note that the 

oxygen content of Case 9 is 15% and the results must 

be compared with Case 5. Increasing the ignition scalar 

dissipation rate allows the flame to travel farther 

upstream before the flame stabilizes.  Lf* for Case 9 is 

higher than the Lf* of Case 5 which explains the 

decrease in normalized soot.  

 
Figure 6. Normalized soot mass vs. normalized lift-off height at 4 ms 

 

Figure 6 shows the normalized mass of soot as a 

function of the normalized lift-off height. Recall that 

the soot mass is normalized by mass of fuel injected, 

and the lift-off height by the appropriate combination of 

nozzle diameter, injected density, and chamber density 

shown in Eq. (3). We can see clearly that the soot* 

decreases for increasing Lf*. There are a couple of 

outliers: Cases 3 and 9, where the soot* is lower than 

expected for the Lf* given. The correlation between 

mass of soot and lift-off height is based on the effect of 

the mixing on soot formation. The net soot mass in the 

jet is, however, controlled by both formation and 

oxidation. Of course, during fuel injection, the 

influence of oxidation is generally less important than 

of formation. Nevertheless, oxidation will have an 

effect. It is possible that in Cases 3 and 9 the oxidation 

is more dominant, as a result of higher temperature and 

density, compared to the other 7 cases. As a result, the 

actual soot is lower than what it would have been if 

formation alone were controlling the mass of soot. Note 

that in Case 7, the mass of soot is negligible and, hence, 

its position with respect to the trend curve is not 

important.  

4. Summary and Conclusions 

 

The earlier work of Bajaj et al. [4] on modeling 

flame lift-off in diesel jets is extended to model soot in 

the lifted jets within the framework of the unsteady 

flamelet progress variable (UFPV) model employed by 

Bajaj et al. The computed distribution of soot in the jet 

is found to be qualitatively similar to measured 

distributions. When the soot mass and lift-off heights 

are appropriately normalized, the results show that the 

normalized mass of soot correlates well with the 

normalized lift-off height, i.e. higher lift-off height 

results in lower soot mass. It is shown that this 

correlation arises from changes in entrained mass 

upstream of the lift-off height. These results and 

conclusions are applicable only during the period of 

injection. The soot in the exhaust of an engine is 

dependent on oxidation characteristics of soot once 

injection ends, i.e. during the expansion stroke. In fact, 

the oxidation effects may be the dominant factor. 

Further extension of this work is required to understand 

the dependence of exhaust soot emissions on lift-off. 
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Abstract 
The present study sheds light on thermal structure of oxyfuel combustion with H2O or CO2 dilution, with the main emphasis on 

maximum temperature and off-stoichiometric temperature peaking (OTP). The OTP properties of both CO2 and H2O combustion has 

been compared with conventional N2 diluted combustion in both zero dimensional and laminar opposed flow reactors. The results of 

equilibrium state analysis show that the N2 replacement with CO2 and H2O at constant oxygen percentages leads to a temperature 

reduction, with significant changes in the OTP location and magnitude while the primary mechanism for the OTP flame structure 

change from N2 diluting mode is found to be different between CO2 and H2O. The cause of temperature reduction and OTP property 

change by CO2 substitution is the reactivity difference while that of H2O is due to the Cp difference. In counter-flow flame analysis, it 

is found that the OTP theory of equilibrium state is also applicable to the evaluation of counter-flow flame structure, the temperature 

of highly O2 enriched flame peaks at lean side of stoichiometry and CO2 diluted flames possesses richer shifting than N2 diluted mode 

due to its reactivity. 

 
Keywords: Oxyfuel, Off-stoichiometric temperature peaking, thermal structure, combustion diluents, laminar flames. 
 

 

1. Introduction 

 

Oxy-fuel combustion generally refers to a 

combustion mode that is enhanced by the addition of 

oxygen above those found in normal air-fuel 

combustion modes. More recently oxyfuel combustion 

has been generally applied to situations where the 

oxygen concentrations are elevated as well as another 

diluent such as CO2 or H2O is employed rather than N2 

to control the combustion temperature. Presently, 

considerable attention is being paid to oxy-fuel 

combustion as it is a method that allows the utilization 

of readily available fossil fuels, yet does not result in 

the emission of CO2 from the combustion process into 

the atmosphere.  

In a fired power plant, post-combustion gas 

temperature is a key factor from both performance and 

environmental perspectives. In conventional air-fuel 

flames, a net-equivalence ratio in furnace can be one 

parameter that can be controlled to realize desired 

temperature. However, controlling the equivalence ratio 

in an oxy-fuel combustor is generally not possible as 

complete or stiochiometric combustion is highly 

desirable to minimize the occurrence of CO and O2 in 

the exhaust stream. In an oxyfuel system, the inclusion 

of O2 in the post-combustion gas means some energy is 

consumed wastefully since the production of pure O2 

requires considerable amounts of energy. Due to this 

fact, the percentages of the recycled CO2 or H2O are 

typically used to control the combustion temperature.  

It is well known in the combustion field that the 

adiabatic temperature, Tad of a flame generally does not 

peak at stoichiometry, but rather near stoichiometry. 

For instance, in methane-air combustion the maximum 

adiabatic temperature occurs at an equivalence ratio of 

 
Fig.1, Off-stoichiometric temperature peaking with methane 

combustion at initial temperature 300K and ambient pressure 1atm. 

 

ϕ=1.04 for an initial temperature 300K and an ambient 

pressure of 1atm. 

An objective of this paper is to clarify for oxyfuel 

combustion the response of response of maximum 

adiabatic temperature and OTP at varying oxygen 

levels. The second objective was to develop OTP 

theory by an extension of the theory to a one-

dimensional flame. The mechanism of OTP 

phenomenon at equilibrium state calculation has been 

explored previously by Law et.al [1,2]. The skewness 

of adiabatic temperature in equivalence ratio space was 

evaluated by a mass based heat release quantity qp and 

specific heat capacity Cp. For reference, a methane-fuel 

combustion result is shown in Fig.1. Whilst the Cp is 

lower in the leaner condition, which leads to a 

movement of a temperature peak to leaner side, the qp  

peaks at richer condition, which contributes to a rich 

side shift of a temperature peak. The consequent 

temperature peak position is determined such that these 

two shifting phenomena are balanced. More accurately, 

the temperature peaks such that: 
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This evaluation method can also be powerful tool for 

charactering structures of dimensional laminar flames.  

In this paper, the structures of N2 and CO2 diluted 

flames were analyzed utilizing this method. This 

application of OTP theory was a first attempt to 

describe OTP in one-dimensional flames with different 

diluents (N2, H2O or CO2).  

2. Methodology 
 

Methane was used as fuel. All simulations were 

conducted via CHEMKIN-PRO [3] with GRI 3.0 

mechanism [4]. As dimensional flame, counter-flow 

diffusion flame was employed and all opposed flow 

flame simulations ran with multi-component diffusion 

and Soret effect at a strain rate 200 s-1. The following 

formulation of strain rate was used [5]: 

  
   
 
(  

   √  

  √  
)                             ( ) 

where a, V and ρ is strain rate, velocity and density 

respectively. The subscript F and O represent fuel and 

oxidizer stream respectively. A method to get heat 

release quantities in counter-flow flames is summarized 

in Fig2.  

In all comparison processes among combustion or 

flames diluted by different species, O2 mass fractions in 

oxidizers, YO2, were fixed. This minimizes differences 

in fuel consumption quantities among each diluting 

case and avoids drawing the conclusion that higher 

temperature is observed due to more fuel consumption.    

3. Maximum Adiabatic Temperature 

 

Maximum adiabatic temperature of N2, CO2, and 

H2O diluted flames is plotted in the Fig.3, varying the 

diluting degrees. All three combustion modes showed 

monotonic increases with an increase of YO2 and the 

maximum temperature variations were more sensitive 

to dilution degrees in the intermediate diluting degrees, 

i.e., from 20% to 80%. Both CO2 and H2O substitutions  

for N2 led to temperature reductions at a fixed YO2. 

 
Fig.2, Summary of a determination of heat relese quantities and Cps 
in opposed flow flame simulations. 

A primary cause of the temperature reductions is 

discussed here. There are two property differences 

among CO2, H2O and N2 as diluents; Cp and reactivity 

(N2 reacts with O2 to NO and dissociates to N atom, 

CO2 dissociates to CO and O2, and H2O dissociates to 

H2 and O2). As an initial step to identify a dominant 

factor, an effect of N2 reactivity on maximum adiabatic 

temperature was examined. To conduct it, the 

equilibrium state was calculated with a N2 reaction 

prohibited mechanism, in which all N contained 

molecules are eliminated from GRI3.0 except N2. The 

calculation result with the N2 reaction suppressed 

mechanism showed no difference from GRI3.0 and thus 

N2 can be regarded as a completely inert species in 

maximum Tad. In the next, for an evaluation of the Cp 

and reactivity of CO2 and H2O, imaginary species XCO2 

and XH2O dilutions were applied to equilibrium state 

calculations. The XCO2 has the completely same 

thermo-chemical data as that of CO2 and no reactivity 

with molecular weight being 45. By this definition, 

XCO2 can be regarded as completely inert CO2. 

Likewisely, the XH2O has the completely same thermo-

chemical data as that of H2O and no reactivity with 

molecular weight being 19. The slight differences in 

molecular weight between CO2 and XCO2 and H2O and 

XH2O were given due to successful implementations of 

equilibrium calculations. The results of these imaginary 

dilution cases are also shown in the Fig.3. The figure 

shows that the XCO2 diluted case was almost identical to 

the N2 diluted case and showed a significant difference 

from the CO2 mode. Since the XCO2 is inert CO2 and 

N2 is also inert in terms of maximum Tad, the gap 

between the XCO2 and N2 indicates a difference of 

maximum Tad driven by Cp gap between CO2 and N2. 

Also, a difference CO2 and XCO2 as diluents is only 

reactivity and thus a discrepancy of CO2 from XCO2 

arises from a reactivity difference.  Considering the 

above, it can be said that the maximum temperature 

reductions by the N2 replacement with CO2 arises from 

CO2 reactivity not due to the Cp difference between 

CO2 and N2. At the other extreme, it was observed that 

there was some temperature reduction from N2 to XH2O 

diluted case and the gap was much larger than that from 

XH2O to H2O. Therefore, it is understood that the 

temperature reduction by the substitution of H2O for N2 

is due to Cp. 

 
Fig.3, The responses of maximum adiabatic temperature to diluting 

degree variations. The solid lines are N2, CO2 and H2O diluted 

combustion. The dashed lines are XCO2 and XH2O diluted combustion. 
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4. OTP with Equilibrium States 

 

The OTP property for the individual diluting cases 

is shown in Fig.4. The OTP was evaluated via 

normalized equivalence ratio  at maximum Tad as is 

introduced by Law et.al [1,2]. The normalized 

equivalence ratio Φ was defined by: 

  
 

   
                             ( )  

This normalized equivalence ratio spans from 0 to 0.5 

for lean condition and from 0.5 to unity for rich 

condition, and equivalently suppresses an asymmetrical 

nature of the definition of ϕ in that lean combustion is 

represented from 0 to 1 but rich combustion from 1 to 

infinity. Since investigation on the OTP property is one 

of structural studies, it is preferable to remove the 

definition based asymmetric feature in evaluation 

processes. However, as ϕ is much more frequently used 

definition, ϕ axis is also included for reference in Fig.4. 

The Tad peaks of CO2 dilution flame were much richer 

side than N2 dilution flame over all YO2 and the richest 

shifts of both CO2 and N2 dilution modes were 

observed at approximately 55%.  For H2O diluted 

flame, the OTP degree with N2 dilution was larger at 

less than 65% YO2 while the trend became opposite then 

onwards.  

The cause of property discrepancies in OTP is 

explored by the same procedure as max Tad analysis 

here. It was firstly confirmed whether N2 reaction 

affects OTP phenomenon or not, using the N2 reaction 

prohibited mechanism. The result shows N2 worked as 

complete inert gas in OTP. Secondly, the Cp variations 

among individual diluents and reactivity of CO2 and 

H2O were examined, employing the imaginary species 

XCO2 and XH2O. The applied results are also shown in 

the Fig.4. The plots with imaginary XCO2 dilution did 

not possess large difference from those of N2 dilution 

and thus the effect of Cp difference between CO2 and 

N2 is not significant in OTP. In contrast, CO2 diluting 

mode gave rise to a huge deviation from XCO2, due to 

which it is understood that the reactivity difference of 

CO2 from N2 plays dominant role in discrepancy of 

OTP. On the other hand, the imaginary species XH2O 

diluting mode possessed relatively large differences 

from N2 while there was no significant gap between 

XH2O and H2O. Consequently, it can be said that OTP 

 
Fig.4, OTP with different diluting conditions. The solid lines are N2, 

CO2 and H2O diluted combustion. The dashed lines are XCO2 and 

XH2O diluted combustion. 

characteristic deviation of H2O from N2 diluted 

combustion arises from Cp difference between the two.   

5. OTP with Counter-flow Flames 

 

As an initial attempt to apply OTP theory to an 

evaluation of dimensional flame structure, the air flame 

was chosen because of its high frequency of use. The 

thermal structure obtained by counter-flow diffusion 

flame is shown in mixture fraction, ξ, space in Fig.5 (a). 

For exploration of thermal structure, the qp and Cp are 

also plotted in the graph. The equilibrium calculation 

result of air is also shown there for reference. The 

general trend of counter-flow flame structure was the 

same as that of adiabatic flame temperature. The Cp is 

monotonically increased with mixture fraction and the 

q had parabolic curve with the peak being in the richer 

side of stoichiometry. From this fact, it is understood 

that the temperature structure of counter-flow diffusion 

flame is skewed to the rich side of stoichiometry since 

more heat release is undertaken in the rich region. In 

addition, the lean shifting of temperature peak from 

heat release peak condition arises from the monotonic 

increase of Cp with mixture fraction. 

 As with OTP of equilibrium states, the OTP of 

counter flow diffusion flame was extended to different 

diluting types and diluting degree. The results are 

shown in Fig.6. To evaluate the temperature peaking 

condition with different diluents and the diluting 

degree, normalized mixture fraction, ξn was used, 

defined in the form: 
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(      )             

         ( )  

By this definition, all stoichiometric mixture condition 

for individual diluting modes refers to 0.5 and 

suppresses an asymmetric nature driven by 

stoichiometic mixture fraction generally being quite 

close to 0. Two interesting features were observed in 

the figure. One was that there was lean side peaking in 

highly O2 content regime. In the case of equilibrium 

state OTP, hydrocarbon flames never show lean side 

peaking. The other was that the CO2 diluted flame 

showed further rich side shift than N2 diluted flame. In 

the following, these two characteristics are discussed. 

To explore the lean shift peaking, pure O2 flame 

results are plotted as a function of ξ in Fig5 (b). The 

heat release peak position was still in rich side of 

stoichiometry while temperature peak resided in the 

lean side of stoichiometry. In mixture fraction space, 

the temperature peak position determined by 
 
  
  ( )

  ( )
 

 
  
  ( )

  ( )
           ( ) 

converting the (1).  As general characteristics, the left 

hand side of (5), i.e., the qp, related term, is larger than 

right hand side, i.e., the Cp related term, in the lean side 

of temperature peak point but the opposite trend is held  

in the rich side of temperature peak point. From this 
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                               (a) 

 
 

                                            (b) 

 
Fig.5, (a): Air Flame, (b): Pure O2 Flame. Solid line is Equilibrium 

Calculation and dashed line is counter-flow simulation results at 200 
s-1. ξst: mixture fraction at stoichiometry. 

 

fact, as the qp related term is decreased or the Cp related 

term is increased, the temperature peak moves to the 

leaner side. Considering them, see Fig5 (b) again. The 

Cp value of counter flow case was slightly higher and 

the gradient was gentler than that of equilibrium. Also, 

the qp value of counter flow was lower and the curve 

was more flattened than that of equilibrium. All values, 

other than gradient of qp, functioned as rich side 

movement relative to equilibrium OTP. Hence, the 

cause of lean shift, i.e., the dominance of Cp, arises 

from the flatness of heat release near stoichiometry. 

These trends were also observed with other highly O2 

content flame which showed lean shifting.  

The effect of N2 replacement with CO2 on OTP of 

counter flow flame is evaluated here. A few more 

property differences between CO2 and N2 are seen as 

diluents in counter flow flame simulation than 

equilibrium; reactivity, Cp, thermal conductivity and 

diffusivity. As is customary, it was firstly confirmed 

whether the N2 reactivity is important or not. To do 

that, a mechanism in which all N2 related reactions are 

removed from GRI mechanism was applied to the 

counter-flow flame simulations. The result without any 

N2 related reactions is almost identical to GRI 

mechanism and thus the N2 is regarded as completely 

inert gas. In the next, the special imaginary XCO2’ was 

applied to counter-flow simulation. The XCO2’ has the  

 
Fig.6, OTP of counter-flow diffusion flame with different diluting 

degrees. 

 

same thermo-chemical data and transport data as CO2 

with the molecular weight being 45. The slight 

molecular weight difference between CO2 and XCO2’ is 

necessary due to successful computations. By this 

definition, the XCO2’ behaves in the same way as N2 in 

chemical reaction aspect while the same as CO2 in 

other properties. The result is also shown in Fig.6. The 

XCO2’ diluted flame and N2 diluted flame was quite 

similar to each other and thus the dominant factor that 

drives further rich shift in CO2 diluted flame to N2 is 

due to reactivity difference between the two. 

6. Conclusion 

 

The present study explores the thermal structure of 

oxyfuel combustion with a special emphasis on 

examining the maximum temperature and OTP driving 

mechanisms. The main findings in the analysis by 

equilibrium state calculation is that the N2 replacement 

with CO2 and H2O leads to the temperature reduction 

and OTP property variation, for fixed YO2 levels. It is 

shown that the cause of temperature reduction and OTP 

variation for the use of CO2 as a diluent is the reactivity 

difference between CO2 and N2, whilst for the use of 

H2O as a diluent is the Cp difference between H2O and 

N2 is the driving factor.  

In the counter-flow flame analysis OTP theory has 

been applied to the analysis of a one-dimensional 

diffusion flame structure, where the highly O2 enriched 

flames show lean shifting due to a reduced variation of 

qp vs. ϕ and CO2 diluted flames possess greater rich 

shifting than compared to N2 diluted flames due to the 

increased reactivity of CO2 vs. N2.  

7. References 

 
[1] C.K. Law, Combustion Physics, Cambridge University 

Press , 2006 
[2] C.K. Law, A. Makino and T.F.Lu, Combust. Flame 145 

(2006), pp. 808–819. 
[3] CHEMKIN-PRO, Reaction Design: Sandiego, 2008.  

[4] G.P.Smith, D.M.Golden, M.Frenklach et al. 

http://www.me.berkeley.edu/gri_mech/. 
[5] Seshadri, K., & Williams, F.A. Intl. J. Heat Mass Transfer 

21 (1978), pp. 251-253.

http://www.me.berkeley.edu/gri_mech/


Proceedings of the Australian Combustion Symposium 
Nov 6 to 8, 2013, The University of Western Australia 

 

__________________________ 

* Corresponding author:  

Phone: (+61) 8 6488 5528 

Email: mingming.zhu@uwa.edu.au                       - 316 - 

 

Effect of Oxygenates addition on the Combustion Characteristics 

of Single Droplets of Diesel 
Mingming Zhu*, Zhezi Zhang, Yu Ma and Dongke Zhang 

Centre for Energy 

The University of Western Australia 

35 Stirling Highway, Crawley, WA 6009, Australia 

*corresponding author, email: mingming.zhu@uwa.edu.au 

 

Abstract 
The effect of methyl oleate and ethanol addition on the combustion characteristics of single droplets of diesel was studied. The 

experiments were performed using a high-temperature tube furnace operating at 973K and the soot intensity and flame temperature 

were simultaneously measured using the two-colour pyrometry and a colour CCD camera. The results showed that adding methyl 

oleate to diesel significantly suppressed the soot formation and slightly reduced the burning rate. The flame temperature decreased 

with increasing  methyl oleate addition but levelled off when the addition was more than 20% by volume. Ethanol addition up to 

10% by volume in the diesel also reduced the soot formation but in the meantime decreased the flame temperature and burning rate.  

 
Keywords: Combustion characteristics; Diesel; Droplets; Oxygenates; Soot intensity 
 

 

1. Introduction 

Due to the increasingly more stringent emission 

regulations on diesel engines imposed by governments 

around the world, a number of new technologies have 

been proposed over the past a few decades to improve 

the fuel efficiency and reduce engine emissions [1,2]. 

Among them, adding oxygenates into diesel fuel to 

reduce soot emission and increase fuel efficiency is one 

of the most promising options [1-4]. 

 

Biodiesel and ethanol have emerged as strong candidates 

of non-fossil oxygenated fuels. There is a large body of 

technical literature reporting the effect of biodiesel or 

ethanol on the combustion and emission characteristics 

of diesel engines. The claimed benefits of using 

biodiesel or ethanol in diesel engines include lower 

smoke, unburned hydrocarbon and carbon monoxide 

emissions due to the presence of oxygen in biodiesel [2-

6]. However, the reported experimental observations 

often vary and are sometime controversial. For instance, 

some researchers claimed that the use of biodiesel in 

diesel engine increased the NOx emissions while others 

reported otherwise [5]. The diverse experimental data 

from the widely varying diesel engine tests make it 

difficult to obtain conclusive understanding of the 

performance of biodiesel and ethanol. Therefore, 

fundamental investigations to study the working 

mechanisms of biodiesel and ethanol in diesel 

combustion processes are necessary.   

 

Against this backdrop, the objective of the present study 

is to investigate the effect of methyl oleate and ethanol 

addition on the flame temperature, soot intensity and 

burning rate of single droplets of diesel.    

 

2. Experimental Setup 
The  single diesel droplet ignition and combustion 

experiments were carried out in an apparatus as 

illustrated in Fig.1. The experimental setup consists of a 

horizontal tube furnace (600mm in length, 40mm in 

diameter) with a temperature controller for providing a 

hot air environment, a droplet suspension system, a step 

motor for delivering the droplet into the furnace and a 

CCD camera for measuring the soot intensity and flame 

temperature. 

 

Caltex No.2 diesel and pure ethanol were used for the 

experimentation. Because methyl oleate is a common 

component of most biodiesel, as in the case of the 

biodiesel used in Ref. [8], technical grade methyl oleate 

(70% methyl oleate with 10% methyl linoleate, 5% 

methyl palmitate and 5% methyl palmitoleate and other 

fatty acid methyl esters. in balance) was used to 

represent the biodiesel. The blends of biodiesel and 

diesel or ethanol and diesel are designated by their 

volume fractions. For instance, D90B10 means 90% 

diesel and 10% biodiesel and D90E10 means 90% diesel 

and 10% ethanol. 

 

In a typical experiment, the tube furnace was heated to 

and maintained at 973K ±1K, in which a droplet was 

ignited and combusted. The droplet was produced by a 

10µL micro-syringe and deposited on the tip of a silicon 

carbide fibre of approximately 142µm in diameter. A 

high speed CCD camera (Basler PIA-210gc) was used to 

capture the images of the process from the moment when 

the droplet entered the furnace until it burned out. With 

the assistance of the video images taken by the colour 

CCD camera, the flame temperature, soot intensity and 

burning rate of the burning droplet can be calculated, 

following the procedures as detailed below. 

mailto:Dongke.zhang@uwa.edu.au
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The principle of the two-colour pyrometry method is the 

relationship between the temperature of glowing soot 

particles and the intensity of the thermal radiation they 

emit as given by the Planck’s law [8-11]. The 

conventional approach is to use narrow band filters or 

two cameras to measure absolute intensities at two 

different wavelengths and the flame temperature can be 

determined from the ratio of the light intensities at the 

two wavelengths by eliminating the unknown 

coefficient. In contrast, a colour CCD camera, which 

usually operates with an RGB pattern, records three sets 

of signals, R, G and B simultaneously. Since the camera 

sensor response is almost linear with respect to the 

source intensity, the pixel intensity of each signal is the 

product of the emissive power and spectral response 

[7,8]. The ratios of any two of the three colours give two 

independent measures of the temperature and soot 

intensity: 
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where 
RBr is the ratio of the pixel intensities of red and 

blue, 
GBr the ratio of the pixel intensities of green and 

blue, T the soot temperature,   the wavelength, 
1C the 

first radiation constant, 
2C the second radiation constant, 

)(S the spectral response and 
 the soot emissivity.  

 

The soot emissivity can be modelled by the widely used 

empirical correlation proposed by Hottle and Broughton 

[9,10]: 

)/exp(1 
  KL    (3) 

where KL represents the soot intensity over the optical 

path length and  is 1.39 in the visible range [10,11]. It 

has been found the KL  factor for glowing soot with 

temperatures ranging from about 1900 to 2600K varies 

between 0.2 and 1.4 [10,11]. 

 

For a given colour camera, the spectral responses of the 

three channels of the camera are known. The colour 

ratios are only a function of soot temperature and 

intensity. For instance, supposing the soot is glowing at 

2000K and has a KL  of 0.5, the RBr and GBr  ratios are 

10.21 and 3.13, respectively, with the camera used in the 

current study. A computer program was written to repeat 

the process for temperatures in the range of 1300-2500K 

at 10K increments and KL  from 0.2 to 1.4 at increment 

of 0.01. This provides a look-up table from which every 

pixel in an image is compared and its temperature and 

soot intensity evaluated. Fig.2 shows an example of the 

calculated 
RBr and 

GBr  in the look-up tables created with 

the interpolation method. In the calculation of the soot 

temperature and intensity, for every pixel, the colour 

ratios were matched to those in the look-up table. The 

matching algorithm used an error function to decide the 

best match [10,11]. The error is defined as follows: 
22 )()( iGBiRBi rr     (4) 

where RBr and GBr  are the ratios of intensities of the 

pixel being analysed, 
i and

i are the red/blue and 

green/blue ratios found in the table at entry i . The pixel 

is matched to that temperature and KL where 
i and 

i  

give the smallest error of
i . The camera was calibrated 

against a blackbody furnace and it was found that the 

absolute errors of the temperature and soot intensity 

measurements using this method were within 50K and 

0.01, respectively.  

 
Figure 1 A schematic diagram of experimental 

apparatus 

 

Figure 2 Calculated RBr and GBr ratios of the camera 

with different KL values 

3. Results and Discussion 

3.1 Soot intensity and flame temperature of a burning 

diesel droplet 

Fig.3 shows the distributions of 2-D soot intensity and 

flame temperature of a burning droplet of pure diesel. 

The droplet was surrounded by an envelope flame. The 

flame, rather than in a spherical shape, is elongated in 

the opposite direction of the gravitation due to natural 

convection. It is evident from Fig.3(a) 
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Figure 3 2-D soot intensity and flame temperature distributions of a burning diesel droplet 

 

that the soot intensities near the droplet surface and at 

the top of the flame were high while it was very low in 

the flame zone. This suggests that the soot precursors 

and aggregates tend to form in a region between the 

droplet surface and flame zone, which travelled upwards 

due to the natural convection, resulting in a high soot 

concentration at the top of the flame. The flame 

temperature shown in Fig. 3(b) was also lower at the top 

part of the flame than the temperature near the droplet. 

The trend showed in Fig.3 is consistent with the 

experimental observations of Ref. [12], in which the 

flame temperature was measured using thermocouples 

and the soot concentration was measured using a laser.   

 

3.2 Effect of methyl oleate  

Figure 4 shows the effect of methyl oleate addition on 

the soot intensity and flame temperature of burning 

droplets. It is clear that adding methyl oleate to diesel 

significantly reduced the soot concentration. This is 

consistent with the literature results and the reduction in 

soot intensity is probably due to two reasons: (1) the 

increased oxygenates and (2) reduced aromatics due to 

methyl oleate addition. The flame temperature decreased 

as the methyl oleate addition increased before it levelled 

off. The flame temperature is determined by the heating 

value of the fuel, burning rates and heat loss through 

radiation by the gas and soot in the flame. On the one 

hand, increasing methyl oleate addition reduced the 

heating value of the diesel/methyl oleate mixture, which 

in turn reduced the flame temperature. On the other 

hand, due to the lower soot intensity with the use of 

methyl oleate, the overall soot radiation loss is 

suppressed, which tends to increase the flame 

temperature.  

 

 
Figure 4 Soot intensity and flame temperature of burning 

droplets of diesel/methyl oleate mixtures 

 
Figure 5 Burning rates of diesel/methyl oleate mixtures 

 

The burning rates of diesel/ methyl oleate mixtures are 

shown in Fig. 5. The burning rate was calculated using 

the classic d
2
 law by plotting the d

2
-t of a burning 

droplet, as reported in our previous studies [13-16].  It is 

seen from Fig.5 that the addition of methyl oleate 

decreased the burning rate of diesel and 20% methyl 

oleate addition caused the lowest burning rate. The 

burning rates of diesel/methyl oleate mixtures depended 
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on the addition ratio of methyl oleate in the mixtures. 

Based on the classic droplet burning theory, the burning 

rate of a pure fuel increases as the flame temperature 

increases and as the latent heat of evaporation and fuel 

boiling point decrease [13]. Increasing the methyl oleate 

addition in the diesel/methyl oleate mixtures not only 

decreased the flame temperature as showed in Fig. 4 but 

also decreased the latent heat and density of the mixture 

as methyl oleate has a lower latent heat of evaporation 

and density than diesel.  

 

3.3 Effect of ethanol 

Fig. 6 shows the effect of ethanol on the soot intensity 

and flame temperature of burning droplets of diesel. It 

was found in the current experimentation that ethanol 

and diesel could not form a stable solution when the 

ethanol addition was more than 10% by volume. Ethanol 

itself burned in an almost invisible flame with no soot 

formation. It is clear from Fig. 5 that the addition of 

ethanol in diesel reduced the soot formation and flame 

temperature. Comparing the results in Fig. 4 and Fig. 6, 

it is seen that at the same volume ratio, ethanol and 

methyl oleate reached similar soot reduction. 

 

The burning rates of diesel/ethanol mixtures are shown 

in Figure 7. The addition of ethanol up to 10% by 

volume reduced the burning rates of diesel/ethanol 

mixtures due to the reduced flame temperature as shown 

in Figure 6 and the lower latent heat of ethanol [6,7].  

 
Figure 6 Soot intensity and flame temperature of burning 

droplets of diesel/ethanol mixtures 

 
Figure 7 Burning rates of diesel/ethanol mixtures 

4. Conclusions 

The effect of methyl oleate and ethanol addition on the 

combustion characteristics of single diesel droplets was 

investigated. The two colour pyrometry method using a 

colour CCD camera is a useful tool to simultaneously 

measure soot intensity and flame temperature. The 

addition of methyl oleate to diesel significantly 

suppressed the soot intensity and slightly reduced 

burning rates of diesel. The flame temperature decreased 

with increasing methyl oleate addition but levelled off 

when the addition was more than 20% by volume. 

Ethanol addition up to 10% by volume also reduced the 

soot formation, but in the meantime decreased the flame 

temperature and burning rate. It was revealed that 

ethanol and methyl oleate could reach similar soot 

reduction at the same addition in diesel by volume.  
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Abstract 
The utility of a novel technique for determining the ignition delay in a compression ignition engine has been shown. This method 

utilises statistical modelling in the Bayesian paradigm to accurately resolve the start of combustion from a band-pass in-cylinder 

pressure signal. Applied to neat diesel and six biofuels, including four fractionations of palm oil of varying carbon chain length and 

degree of unsaturation, the relationships between ignition delay, cetane number and oxygen content have been explored. It is noted 

that the expected negative relationship between ignition delay and cetane number held, as did the positive relationship between 

ignition delay and oxygen content. The degree of unsaturation was also identified as a potential factor influencing the ignition delay.  

Keywords: Alternative fuels, ignition delay, cetane number, net rate of heat release 
 

 

1. Introduction 

 

Investigation into the impacts of bio-fuels, 

combustion technologies and fuelling strategies are 

leading toward: reduced harmful emission, improved 

thermal efficiency, decreasing reliance on fossil fuels 

and reduced engine noise [1]. The global push toward 

more sustainable fuels and improved environmental 

conditions has seen a renewed vigour into bio-fuels 

research [2,3]. In a study focused on the effects of 

biofuels, ignition delay is a key operating parameter 

because it has a direct relationship to the extent of 

mixing prior to ignition and the heat release profile; 

therefore, it effects not only the performance of the 

engine but also has a strong influence on the emission 

[4-6]. 

Bodisco et al. [7-9] introduced a method to 

determine the start of combustion from single engine 

cycles using the in-cylinder pressure signal. This method 

has the advantage, over other methods, of being able to 

accurately resolve the start of combustion without 

resorting to cycle averaging. Cycle averaging may lead 

to issues such as: misleading results caused by large 

amounts of inter-cycle variability and a reduced ability 

to conduct an investigation into the inter-cycle 

variability [8]. Moreover, the determination of ignition 

delay from the apparent net rate of heat release (NRHR) 

can be influenced by the following [9-12]: 

 the difficulty in accounting for mixture 

nonuniformities in the air/fuel ratio and in the 

burned and unburned gas nonuniformities; 

 the effect of crevice regions in the combustion 

chamber;  

 the assumption of no heat transfer between the 

cylinder charge and the combustion chamber 

walls; and, 

 accurate resolution of the in-cylinder volume 

which is dependent on the accurate calibration 

of top dead centre (TDC). 

The method introduced by Bodisco et al. [7-9] 

isolates the start of combustion from the band pass 

filtered in-cylinder pressure signal. The start of 

combustion was defined qualitatively as the point from 

which the band-pass filtered in-cylinder pressure signal 

ceases to exhibit only noise-like behavior and a strong 

resonance begins (this resonance has been termed the 

combustion resonance) [7-9]. In Ref. [9] this point was 

isolated using a statistical model where a model 

parameter, δ, represented the start of combustion. The 

conceptual model was: 

 

    (1) 

where, s(t) is the band-pass in-cylinder pressure 

signal distributed Normally about the time-dependent 

mean of y, µ(t), with precision τ (defined as the inverse 

of the variance), H(t – δ) is a step function where µ(t) = 

0 for t < δ, A is the signal amplitude, λ is the sample-rate 

in Hz, ω is the resonant frequency (Hz) and ϕ is the 

phase shift. Each parameter was resolved in a Bayesian 

framework using Markov-chain Monte Carlo (MCMC). 
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In this study, the ignition delay will be defined as in 

Ref. [9], the delay between the start of fuel injection and 

combustion, and will be resolved using the Bayesian 

techniques described in the same work, with the 

conceptual model shown in (1). This method has been 

chosen as it offers greater resolution, compared to other 

techniques, and is not impaired by the limitations shown 

earlier in this section. In the Bayesian paradigm, each 

model parameter is described as a statistical distribution, 

this has the advantage of not only giving information 

about the value of the parameter, but also providing 

information relating to its uncertainty. Being an iterative 

process, the statistical distribution of each model 

parameter is typically described as a kernel density 

estimate of the output from the MCMC. Owing to space 

limitations in this study, only the modal value of the start 

of combustion parameter, δ, will be shown. 

The start of injection is determined by directly 

interrogating the signal controlling the injectors—this 

value has been corrected for injector lag [9]. Moreover, 

because the Bayesian technique is accurate on single 

engine cycles, the results shown in this work are derived 

from analysing one minute of consecutive cycles, for 

each fuel tested, and taking the most probable value [8]. 

The cetane number is a common fuel parameter used 

to describe the fuel’s potential for auto-ignition [10,13]. 

The relationship between the cetane number, amongst 

other parameters, and ignition delay in compression 

ignition engines has been explored by numerous 

researchers [10,14-15]. The preliminary work shown in 

this paper will resolve the ignition delay for six biofuels, 

including four fractionations of palm oil with varying 

carbon-chain lengths and degree of unsaturation [16], 

and compare them to their cetane number and oxygen 

content. These four biofuels are labelled by their 

dominate carbon chain lengths, i.e. C810 predominately 

has carbon chains of length 8 to 10, please refer to Ref. 

[16] for an in-depth description of these fuels, including 

a table of their composition.  

Cetane numbers were determined using the 

procedure outlined by the German DIN 51773:2010-04 

Standard [17]. Specifically two reference fuels: n-cetane, 

C16H34 (cetane number 100), and 1- methylnapthalene, 

C11H10 (cetane number 0), having purity not less than 

95% (m/m) are blended to mimic the ignition qualities of 

the test fuel. The cetane number of the test fuel is then 

determined by comparing the ignition delay of the test 

fuel with that of blends of the reference fuels in a BASF 

compression ignition engine operated at constant speed.  

The cetane numbers shown in this paper were 

determined in an accredited German laboratory in-

conjunction with Karlsruhe Institute of Technology. 

Conditions of accreditation for that laboratory are that 

during testing the ignition delay cannot vary by more 

than 0.1 degree in a ten minute period and that if the 

same fuel is checked at a different time the result shall 

not vary by more than 1 cetane number. Further, the 

cetane number result must be within 2.5 of any other 

accredited facility. Therefore, the results displayed are 

assumed reliable and accurate with a relative uncertainty 

of 1 cetane number.  

2. Engine Configuration 

 

Experiments were conducted at the Biofuel Engine 

Research Facility located at Queensland University of 

Technology, Brisbane, Australia. Under investigation 

was a modern, turbo-charged, inline six-cylinder, 

common-rail Cummins diesel engine (ISBe220 31) with 

advanced injection timing (~TDC). The engine has a 

capacity of 5.9 l, a bore of 102 mm, a stroke length of 

120 mm, a compression ratio of 17.3:1 and a rated power 

of 162 kW at 2000 rpm. The engine was coupled to an 

electronically controlled hydraulic dynamometer. For a 

detailed description of the engine please refer to Ref. [8]. 

All of the experimental results shown in this work were 

conducted at full load (defined by 100% throttle), 2000 

rpm. 

3. Data Acquisition 

 

The in-cylinder pressure was measured by a Kistler 

(6053CC60) piezoelectric transducer. Crank angle 

information was collected by a Kistler crank angle 

encoder set (type 2614) with a resolution of 0.5 crank 

angle degrees. The in-cylinder pressure, crank angle 

information and injection timing (as defined by the 

differential voltage applied to the injectors) where 

sampled with a Data Translation (DT9832) simultaneous 

analogue-to-digital converter connected to a desktop 

computer running National Instruments LabView at 200 

kHz. 

4. Net Rate of Heat Release 

 

For simplicity the NRHR is often shown as the 

apparent NRHR, without attempting to correct for heat 

losses, as shown in Ref. [10] and (2). 

 

  (2)  
 

where, Qn is the heat release, γ is the ratio of specific 

heats, p is the pressure and V is the volume. Aside from 

the physical issues with this calculation, described in 

Section 1, noise in the in-cylinder pressure signal can 

cause difficulties in interpreting the heat release curve. In 

order to minimise this, it is standard practice to cycle-

average data. However, in the case presented here this is 

insufficient to produce a NRHR diagram that is easily 

interpretable. Further complicating this process is noise 

from the injection signal interfering with the in-cylinder 

pressure signal, creating a high-frequency noise across 

the area of interest (during injection and the start of 

combustion). Any technique used to reduce the noise to 

allow interpretation potentially skews the results 

obtained. Mean average smoothing will cause a decrease 

in the peaks and shift their time-stamp and more 

advanced methods, involving spectral analysis 

techniques, can also shift the time-stamps and change the 

shape of the heat release curve. For the generation of the 
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NRHR diagrams shown in this paper, 1000 consecutive 

cycles are averaged and an equiripple frequency filter is 

used with a stop frequency of 2000 Hz. The effect of this 

filter is clearly seen in Fig. 1. 

The use of this filter has not significantly changed 

the general information contained in this NRHR 

diagram. However, the interpretation of this diagram for 

determining the start of combustion is ambiguous and 

cannot be determined without great uncertainty. As there 

is still great interest in comparing NRHR diagrams for 

information other than the start of combustion, Fig. 2 

shows the NRHR for all of the fuels discussed in this 

paper. It is notable in Fig. 2 that the trends in the NRHR 

diagrams are all very similar. Slight differences, 

however, can be observed in the neat diesel and the C810 

cases. 

Figure 1: Comparison between a filtered and an 

unfiltered heat release diagram 

Figure 2: Net rate of heat release for neat diesel and six 

bio-fuels 

5. Ignition Delay 

 

Using the combustion resonance, as described in 

Ref. [9], for determining the start of combustion removes 

the ambiguity introduced with the generation of a NRHR 

diagram. Moreover, given the great difference in 

frequency between the injector noise and the combustion 

resonance, they are easily distinguishable from each 

other and therefore the determination of the start of 

combustion is not impacted. Results from a MCMC 

simulation are typically shown as kernel density 

estimates. However, given the limited space in this paper 

the results will be shown as single values (taken as the 

peak of the kernel density estimate, i.e. the most 

probable value or the mode).  The modal ignition delay 

value for each fuel, as determined by the MCMC, is 

shown in Tab. 1 along with the cetane number and 

oxygen content (wt%) for each fuel. 

6. Cetane Number and Oxygen Content 

 

We now consider the relationships between ignition 

delay, cetane number and oxygen content based on the 

data presented in Tab. 1. Inspection of oxygen 

containing fuels (i.e. diesel excluded) reveals that in the 

relationship between cetane number and oxygen content 

(not shown as a figure), C810 is an outlier while all other 

fuels show consistent trends. The relatively high oxygen 

content appears to have significantly affected the cetane 

number. The remaining oxygenated fuels show cetane 

numbers ranging from 57.5 to 69.8, with little 

relationship to oxygen content. A number of factors 

effect the cetane number, particularly the level of 

saturation, which has more effect than oxygen content 

alone. In order to investigate the effect of both cetane 

number and oxygen content on ignition delay we present 

Figs. 3 and 4 with ignition delay on the abscissa so that 

individual fuels can be compared. As expected, Fig. 3 

shows a progressive increase in ignition delay as the 

cetane number decreases. This trend is particularly 

marked in the case of C810, which will be due, at least in 

part, to volatilisation during the later stages of 

compression, delaying the onset of ignition due to its low 

molecular weight. Diesel, on the other hand, shows a 

slightly higher ignition delay as a function of cetane 

number than the trend established by the other oxygen 

containing fuels. 

 

Table 1: Table of ignition delay values, cetane number 

and oxygen content for neat diesel and six bio-fuels 

 

Fuel [16] 
 

Ignition Delay 

(degrees) 

Measured 

Cetane 

Number 

Oxygen 

Content 

(%wt) 

Diesel 4.8 51.2
*
 - 

C810 4.3 <42 19.29 

C1214 3.4 69.8 13.47 

C1618 3.4 65.4 11.14 

C1875 3.7 59.0 10.96 

Canola 3.7 57.5 10.57 
Tallow 2.8 68.9 10.81 

*Diesel cetane value was not measured, value taken from the fuel 

certificate provided by the supplier 
 

Figure 4 shows oxygen content (wt%) vs ignition 

delay, where the trend established in Fig. 3 is reversed; 

that is, ignition delay increases as the oxygen content is 

increased.  The biofuel, C1214 is also a slight outlier in 

both Figs. 3 and 4, probably because of its relatively 
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lower degree of unsaturation. Given that the number of 

oxygen atoms per carbon chain is the same, the fuels 

with relatively higher oxygen content (wt%) will tend to 

be smaller in molecular weight with correspondingly 

lower cetane numbers – which will directly contribute to 

the reduction in ignition delay.   

 
Figure 3: Cetane Number Vs Ignition Delay for neat 

diesel and six bio-fuels 

Figure 4: Oxygen Content (wt%) Vs Ignition Delay for 

six bio-fuels 

7. Conclusions 

 

This paper has shown the utility of a recently 

published technique for resolving ignition delay in a 

compression ignition internal combustion engine. The 

ignition delay has been resolved for six bio-fuels, 

including four fractionations of palm oil that vary in 

carbon chain length and degree of unsaturation. The 

relationships between ignition delay, cetane number and 

oxygen content were explored. It was found that a 

negative trend between cetane number and ignition delay 

and a positive trend between oxygen content and ignition 

delay was present. 
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Abstract 
This paper reports potential improvements of brake power and tailpipe emissions of smoke and nitrogen oxides (NOx) using 

10% biodiesel (B10) in an automotive-size diesel engine. The selected biodiesel is derived from coconut oil that is considered as feed 

stock in tropical area. Experiments were performed in a single-cylinder version of a conventional diesel engine equipped with a 

common-rail fuelling system and a universal injection controller. While the engine speed (2000 rpm) and injection pressure (130 

MPa) were held constant, diesel and B10 performances were compared for various injection timings. The in-cylinder pressure was 

measured using a fast-response piezo-electric sensor, which was used to estimate the apparent heat release rate (aHRR), indicated 

mean effective pressure (IMEP), brake MEP, and friction MEP. The results show that BMEP of B10 is higher than that of diesel due 

to lower FMEP despite lower peak aHRR and IMEP. It is suggested that lower FMEP of B10 is possibly due to better lubrication 

inside the cylinder and in the common-rail pump. Moreover, the exhaust emissions of smoke and NOx indicate better performance for 

B10. Lower smoke emissions are expected considering oxygenated B10 and its impact on low soot formation. Lower NOx emissions 

per brake power are also measured for B10 primarily due to increased BMEP although higher peak aHRR of B10 than that of diesel 

suggests higher thermal NO formation.   

 

Keywords: Common-rail diesel engine, Biodiesel, Coconut oil, Ethyl-ester, Friction loss 
 

 

1. Introduction 

Biodiesel has penetrated into the market in some 

countries mostly as a mixture of biodiesel and diesel at 

low biodiesel-to-diesel blending ratios. The most 

common biodiesel feed stocks of today are vegetable 

oils from soybean and rapeseed that are limited and 

more importantly, raise an issue of food versus fuel. If 

non-food feed stocks (e.g. waste cooking oil, cellulosic 

materials, or micro-algae) could be widely used, 

however, biodiesel might take a measurable portion of 

the global diesel supply in the future.  

When biodiesel is used in a diesel engine, it has a 

great potential to reduce smoke emissions owing to 

higher oxygen contents than conventional diesel fuel. 

However, the vegetable oil-based fuels typically have 

very high viscosity that is unfit to existing diesel 

fuelling systems [1- 4]. Therefore, additional processes 

are required such as the micro-emulsion method using 

solvents (e.g. methanol, ethanol, or i-butanol) at the 

expense of cetane number and calorific value [2]. To 

address this issue, the trans-esterification method was 

introduced in which chemical catalysts are used for 

enhanced trans-esterification between vegetable oils 

and alcohols (typically methanol) [2]. Although the 

final product has great similarity to conventional diesel 

fuel, one issue of this method is the use of chemical 

catalyst (e.g. sodium hydroxide, sodium methoxide or 

sodium alkoxide) that cannot be reused, which raises 

questions on the production cost and efficiency.  

Recently in our laboratory, an alternative method 

was proposed using a biological catalyst for trans-

esterification between coconut oil and ethanol [5]. As 

shown in Fig. 1, a lipase enzyme was selected because 

it can be reused and therefore has an advantage over 

chemical catalysts. In addition, ultrasonic waves were 

used to accelerate the trans-esterification. The feed 

stock was coconut oil that is abundant in tropical areas 

(e.g. Samoa and Philippines). Also, ethanol was utilised 

instead of methanol due to reduced inhibition effects on 

lipase [5]. The potential toxicity and increased risk of 

explosion of methanol vapour were also considered.  

While the benefits of coconut oil-based biodiesel 

production using lipase enzyme, ultrasonic wave, and 

ethanol are clear, how this fuel performs in a diesel 

engine is still a question. This study aims to address 

this question by comparing in-cylinder parameters and 

engine-out emissions of conventional diesel and 10% 

blend of coconut oil-derived biodiesel and diesel (B10).  

 

 

Figure 1. Flow chart of biodiesel production process from Tupufia  et 

al. [5] 

Ethanol Coconut oil

Transesterification Glycerol

Lipase enzyme

Biodiesel

Ultrasonic wave
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2. Experiments 

Properties of tested diesel and B10 in the present 

study are listed in Table 1. These fuels were 

investigated in a single-cylinder, automotive-size 

research engine that shared the production engine head 

equipped with a common-rail fuelling system. 

Specifications of this engine and selected operating 

conditions are summarised in Table 2. The engine setup 

and diagnostic techniques are shown in Fig. 2. The 

engine had single-cylinder displacement volume of 

497.8 cm
3
 with 83 mm bore and 92 mm stroke. The 

geometric compression ratio of this engine was 17.7. 

The swirl flow with a mean flow velocity to mean 

piston speed ratio (i.e. swirl ratio) of 1.4 was induced 

by two swirling intake passages. On a flat fire-deck, 

two intake valves and two exhaust valves were present 

with a centrally-mounted, Bosch common-rail injector 

(see Table 2 for details). The engine was connected to 

an eddy current (EC) dynamometer (Froude Hoffmann, 

AG-30HS) and operated at a fixed speed of 2000 rpm at 

which the maximum torque of the production engine 

was measured. The coolant temperature (90
o
C) and 

intake air temperature (27
o
C) were also held constant 

for stable and repeatable engine operations. A second-

generation Bosch common-rail pump was used to 

increase the rail pressure to 130 MPa, which was fixed 

during the firing tests. The actual injection duration 

measured using an injection rate meter (not shown in 

this paper) was 1.1 ms and at 130 MPa injection 

pressure, the injected mass per cycle was measured at 

27.5 mg, which corresponds to upper-mid engine load 

conditions. For both diesel and B10, the injection 

timing was varied from -18 to -3 crank angle degrees 

after top dead centre (
o
CA aTDC) to investigate the 

combustion phasing effect on the engine performance. 

Figure 2 shows two 30-litre surge tanks: one for the 

intake and the other for the exhaust. They were 

installed to minimise pressure fluctuations, which could 

be an issue in single-cylinder engines. The pressure, 

duration and timing of fuel injection were controlled 

using a universal injection controller (Zenobalti ZB-

9013P). A piezo-electric pressure transducer (Kistler 

6056A) was used to record crank-angle-resolved in-

cylinder pressure. Simultaneously, the exhaust 

emissions of smoke (Horiba Opacimeter MEXA-600S) 

and NOx (Ecotech 9841 AS) were measured. Unburnt 

hydrocarbon (HC) and carbon monoxide emissions 

were also recorded using an HC/CO analyser (Horiba 

MEXA-584L) but are not presented in this paper due to 

a page limit.  

3. Results and Discussion 

Figure 3 shows the in-cylinder pressure traces 

(top) and apparent heat release rates (aHRR, bottom) 

for various injection timings and two fuels (diesel and 

B10) tested in this study. The first noticeable trend 

from Fig. 3 is that advanced injection timing leads to 

advanced combustion phasing as expected. It is also 

observed that the peak in-cylinder pressure is higher for 

more advanced injection cases because the combustion 

occurs closer to TDC where the ambient pressure and 

 
Table 1. Fuel properties 

Property / Fuel Diesel B10 

Density (@ 15℃), g/cm3 848 849 

Viscosity (@40 ℃), mm2/s 1.9 2.937 

Flash point, ℃ >61.5 66.2 

Cetane number 51 - 

Sulfur content, ppm 10 - 

Lower heating value, MJ/kg 41.66 41.39 

CHO wt.% 

C 84.91 83.71 

H 15.09 14.791 

O 0 1.50 

 

Table 2. Single-cylinder engine specifications and operating 
conditions 

Engine Specifications 

Displacement  497.8 cm3 

Bore 83 mm 

Stroke 92 mm 

Compression ratio 17.7 

Swirl ratio 1.4 

Number of valves 2 intake and 2 exhaust  

Piston Cylindrical bowl 

Injector 

7-hole Bosch common-rail 

Nominal hole diameter: 134 μm 
K-factor: 1.5 

Discharge coefficient: 0.86 

HFR: 400 cm3 for 30s 
Included angle: 150° 

Operating Conditions 

Engine speed 2000 rpm 

Coolant temperature 90°C 

Intake air temperature 27°C 

Injection pressure 130 MPa 

Injection duration (injected mass) 1.1 ms (27.5 mg) 

Injection timing (control) -18 ~ -3°CA aTDC 

 

 
Figure 2. Schematic diagram of single-cylinder diesel engine and 

diagnostic tools 
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temperature are higher. However, the traces of aHRR 

show a different trend such that the peak aHRR is 

higher for later injection timings suggesting higher 

premixed burn. This was because longer pre-

combustion mixing time was available as the 

combustion phasing was retarded.  

In Fig. 3, both in-cylinder pressure and aHRR 

traces show monotonic trends and measurable 

differences with injection timing variations. By 

contrast, diesel and B10 show very minor differences 

possibly due to a low biodiesel blending ratio. 

Particularly the combustion phasings appear to be 

nearly identical between diesel and B10.  

However, it is also true that the peak aHRR is 

consistently higher for B10 than that for diesel. It can 

be observed that the in-cylinder pressure traces before 

the start of combustion in fact is lower for B10. For 

example, for -8 and -3°CA aTDC injections, the in-

cylinder pressure of B10 is roughly 200 kPa lower than 

that of diesel at crank angle locations corresponding to 

the start of combustion at 6 and 12°CA aTDC, 

respectively. This was likely associated with higher 

latent heat of B10 resulting in higher cooling effect and 

thereby increasing the ignition delay period. The 

differences in in-cylinder pressure traces are minor; 

however, their impact on the aHRR, especially peak 

aHRR, appears to be significant. Except the peak 

aHRR, it is found that both the in-cylinder pressure and 

aHRR are more sensitive to the injection timing 

variations than fuel change for tested conditions of this 

study. 

The measured in-cylinder pressure and known 

geometric information of the engine allowed for 

estimation of indicated mean effective pressure (IMEP) 

as shown in Fig. 4. The IMEP results are shown for the 

same operating conditions of Fig. 3. The figure 

indicates that for both diesel and B10, IMEP decreases 

as the injection timing is retarded. This simply confirms 

the fact that IMEP is a numerical integration of in-

cylinder pressure by deviation of combustion chamber 

volume, which can be determined by the amount of 

released heat energy as well as the relative position of 

combustion phasing against the crank angle. For 

example, lower in-cylinder pressure for later injection 

timings (see Fig. 3) could outperform the increased 

aHRR. Conceivably, the opposite trend was also 

possible depending on the operating conditions. 

An important finding from Fig. 4 is that the IMEP 

of B10 is lower than that of diesel at any fixed injection 

timing. In contrast to the effect of injection timing 

variations on IMEP, differences in the combustion 

phasing between diesel and B10 are very minor 

whereas the higher aHRRs of B10 are obvious (see Fig. 

3). Therefore, the lower IMEP of B10 is unexpected. 

To further discuss the IMEP trend and its potential 

cause, the brake mean effective pressure (BMEP) was 

calculated using the measured brake torque in the EC 

dynamometer as shown in Fig. 5. The friction mean 

effective pressure (FMEP = BMEP – IMEP) was also 

estimated for all tested conditions of this study. Figure 

5 shows that the BMEP of both fuels decreases as the 

injection timing is retarded, consistent with the IMEP 

trend. However, the BMEP of B10 is similar to or 

higher than that of diesel, which is in contrast to the 

IMEP trend. This means a significant portion of the 

indicated power due to diesel combustion inside the 

cylinder, was not converted to the brake power but 

wasted. In other words, B10 had a lower loss in power 

 
Figure 4. Effect of injection timing and B10 on indicated mean 

effective pressure (IMEP) 

 

 
Figure 5. Effect of injection timing and B10 on brake mean effective 

pressure (BMEP) and friction MEP 

 

 
Figure 3. Effect of injection timing and B10 on in-cylinder pressure 

and aHRR 
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delivery between the combustion chamber and power 

shaft. Indeed, figure 5 shows that the FMEP of B10 is 

lower than that of diesel at any fixed injection timing. 

In addition, the FMEP of single cylinder engine is 

typically high due to inertia of heavy moving parts [13].  

There are two possible causes for the decreased 

FMEP. One reason is enhanced lubricity inside the 

cylinder associated with intrinsic lubrication capability 

of biodiesel. Previous studies suggested that biodiesel 

reduces the wear of piston rings due to better 

lubrication [2, 6]. The other reason is a decreased 

pumping loss in the high-pressure common-rail pump 

[7]. Since the common-rail pump of the test engine is 

run by the camshaft that is connected to the power shaft 

via a timing belt, the pumping loss of the engine can be 

reduced by using better lubricity B10.  

For the same operating conditions of Figs. 3~5, 

smoke (opacity) and NOx emissions were measured in 

the tailpipe of the test engine. The results are plotted in 

Fig. 6. It is observed that overall, the opacity decreases 

as the injection timing is retarded for both fuels. This 

was in accordance with increasing aHRR (Fig. 3), 

meaning higher premixed burn, which is known to 

reduce soot emissions. By contrast, NOx emissions do 

not show a monotonic trend with the injection timing 

variations but indicate a minimum value for -8
o
CA 

aTDC injection case. This should be due to a trade-off 

between increasing aHRR and decreasing in-cylinder 

pressure (and hence temperature), which have a 

correlation with thermal Zel’dovich mechanism for NO 

formation. 

Between diesel and B10, figure 6 shows lower 

opacity and NOx emissions for B10, which in 

conjunction with higher brake power, demonstrates a 

great potential of biodiesel combustion. Lower opacity 

of biodiesel than diesel was also reported in previous 

studies [7 - 9] and it was explained that higher oxygen 

contents in biodiesel not only enhance the soot 

oxidation but also suppress the soot formation. The soot 

formation can also be reduced due to lower aromatics 

contents in biodiesel. Lower NOx emissions of 

biodiesel than diesel were also found previously [10 - 

12]. However, it should be noted that in our tests, raw 

NOx emissions of B10 were measured similar to or 

slightly higher than those of diesel, which was not 

unexpected considering higher peak aHRR. However, 

the NOx emissions per brake power in Fig. 6 show a 

reversed trend due to the higher brake power of B10 

(associated with reduced friction loss as discussed 

previously).  

4. Conclusion 

The engine performance of diesel and coconut oil-

based biodiesel blend (B10) was compared in an 

automotive-size, common-rail diesel engine. In-

cylinder phenomena and engine-out emissions were 

measured for two fuels while the injection timing was 

also varied.  The major findings of this study are 

summarised as follows: 

• The brake power of B10 is higher than diesel due 

to better lubricity inside the cylinder as well as in 

the high-pressure common-rail pump resulting in 

reduced friction (or pumping) loss. 

• Both smoke (opacity in percentage) and NOx  

(g/kWh) emissions are measured to be lower for 

B10. While the smoke reduction is due to higher 

oxygen contents and lower aromatics in biodiesel, 

the NOx decrease is largely due to increased brake 

power.  
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Abstract 
Analysis of heat transfer in reciprocating engines commonly requires estimation of in-cylinder heat transfer, and use of Woschni's 

correlation is widespread and well-accepted for this purpose. However, there is significant evidence in the literature that it often 

performs poorly when applied to the combustion of hydrogen, with similar shortcomings also observed in other, more-recent 

correlations. In this paper we propose a method for the use of measured in-cylinder pressure traces, fuel mass flow rate, air mass flow 

rate and engine speed to calibrate the Woschni model systematically. Average heat transfer rates are thus calculated for air-fuel ratios 

ranging from near-stoichiometric to 500% excess air. These wall heat transfer rates are then used to analyse energy transport in the 

combustion chamber. 

Keywords: heat transfer, hydrogen fuel, lean combustion, in-cylinder heat transfer, Woschni correlation. 
 

 

Nomenclature 
 

θ Crank angle 

EOC End of Combustion 

EVO Exhaust valve opening 

h Convection heat transfer coefficient 

hf Mass-specific enthalpy of formation 

Hs Total sensible enthalpy 

IMEP  Indicated Mean Effective Pressure 

IVC Intake valve closure 

LHVH2 Mass-specific lower heating value of hydrogen 

m Mass flow rate 

PP Peak Pressure 

Qwall In-cylinder wall heat transfer 

SOC Start of Combustion 

Wi Indicated work.  

1. Introduction 

 

Woschni’s correlation [1], like that of Annand [2], is 

commonly used to estimate heat transfer in reciprocating 

engines. However, while Woschni intended that the 

calibrated constants in his model should depend only on 

engine geometry, a number of studies concerning 

hydrogen-fueled engines have concluded that they are 

affected by other parameters, in particular the air-fuel ratio 

[3–7], with peak heat flux posing the greatest modelling 

challenge [8,9]. Finally, in-cylinder surface temperatures 

reported in the literature are commonly obtained at or near 

stoichiometry (e.g. [10–12]), and so are often inappropriate 

for the analysis of lean hydrogen operation.  

However, despite the limited predictive power of these 

heat transfer correlations, they remain useful for analysis of 

experimental data given proper calibration. A number of 

recent studies have provided estimates of wall heat transfer 

in hydrogen spark ignition engines. Some (e.g. [13, 14]) 

made use of convection models calibrated using in-cylinder 

pressure measurements. Others (e.g. [9,15]) directly 

measured temperatures and heat flux at particular points in 

the chamber. However, generalisation of local 

measurements to an entire chamber is often problematic, as 

large spatial variations are expected over the head, bore and 

piston surfaces [9]. 

In response to these challenges, this paper proposes a 

systematic approach for calibrating an in-cylinder 

convection model, and examines the impacts of air-fuel 

ratio and modelled wall temperatures on average heat 

transfer within the engine tested. 

2. Calculation of in-cylinder heat transfer 

 

In this section, we detail how in-cylinder pressure 

measurements and engine performance data may be used to 

determine cylinder wall heat transfer. We first introduce the 

experimental data required. We then define a control 

volume for the combustion chamber, and develop an 

expression for the First Law energy balance. Then, by 

comparison of simulated and measured pressure traces, we 

determine the most appropriate calibration constants for the 

Woschni correlation. 

2.1 Experimental Data  
 

In-cylinder pressure data inform much of the analysis, 

including estimation of indicated work, burn rates, wall 

heat transfer and unburned fuel fractions. Data was 

obtained at 1500 rev / min from a naturally aspirated, six 

cylinder, spark ignition, 10.3:1 compression ratio, 

hydrogen-fueled engine operating at wide-open throttle 

from λ = 1.5 to λ = 6. Operation at wide-open throttle is the 

most efficient way to achieve a required torque in the 

engine studied [16]. Analysis was performed on one 

representative cycle, chosen from 300 recorded at each 

operating point to minimise the cost function 

 
PP

PPPP

IMEP

IMEPIMEP
2.1cost

cyclecycle 



 , (1) 

where PP indicates peak pressure. Selected representative 

traces are shown in Fig. 1. As the throttle is always open, 
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Figure 1. Measured logp–logV indicator diagram 

 

no significant differences in pumping or compression 

result, but combustion rates and indicated torque increase as 

λ decreases. Significant time-averaged engine dynamometer 

measurements are summarised in Fig. 2. Engine torque, fuel 

mass flow rate, and exhaust temperatures all decrease with 

increasing λ, as expected. 

2.2 Control Volume Definition 
 

In this analysis we consider all six combustion 

chambers to be a single control volume, defined by the 

cylinder walls and valves. Also, given the expression for 

the lower heating value of hydrogen 

 
OHOHHH 222tan2

LHV hhhhh
productstsreac ff  , (2) 

and conservation of hydrogen, the First Law of 

Thermodynamics over the combustion chamber in the 

steady state may be expressed as 

 isesewallii HHmQWm ,,HH 22H22H
LHVLHV  , (3) 

where m is mass flow rate, Wi is indicated work, Qwall is in-

cylinder wall heat transfer and Hs is total sensible enthalpy. 

Overlines indicate averaged quantities, and i and e denote 

flows at the intake and exhaust valves respectively. Finally, 

we set the average inlet conditions as our reference state, 

and thus 0, isH . 

2.3 Trapped mass in-cylinder heat transfer  
 

Neglecting blow-by, the trapped mass is constant 

between inlet valve closure (IVC) and exhaust valve 

opening (EVO), and thus energy balance equations need not 

consider mass transfer over the system boundaries. GT-

power [17] can analyse measured pressure traces during 

this period, simulating heat release, cylinder wall heat 

transfer and piston movement at each timestep, inferring the 

burn rate to match the measured pressure trace. The model 

requires crank angles for start and end of combustion (SOC 

and EOC respectively), the molar concentrations of all 

species at these points and the engine geometry. A heat 

transfer model must also be specified. 

 
 

Figure 2. Dynamometer testing results for wide-open throttle operation, 

showing brake torque, fuel mass flow rates, and exhaust temperatures 
sampled at the cylinder head exhaust port. 

 

A 1D GT-Power flow model of the engine was used to 

estimate residual fraction, the SOC was assumed equal to 

spark timing, and the EOC was estimated by examining 

plots of dlogp(θ)/dlogV(θ) to determine when the polytropic 

index returns to a constant value. A modified version of 

Woschni’s correlation supplied with GT-Suite ([1,18]) was 

selected as the heat transfer model. The heat transfer 

coefficient h in this model is described by 

 8.055.08.02.026.3 wTpBh g

 , (4) 

where B is the bore (m), p is the in-cylinder pressure (kPa), 

Tg is the charge temperature (K), and w is the average 

cylinder gas velocity (m/s), 

     







  m

d
p pp

Vp

TV
CSCw

IVCIVC

IVC
21

, (5) 

where pS  is the mean piston speed, Vd  is the displaced 

volume, TIVC, pIVC and VIVC are the charge temperature, 

pressure and volume at IVC respectively, θ is the crank 

angle, and p(θ) and pm(θ) are the crank angle resolved firing 

and motored pressures respectively. C1=2.28 and C1=0 

during compression. During combustion and expansion, 

C1=2.28 and C2=0.00324. Heat flux q is consequently 

  wg TThCq  0
, (6) 

where Tw is the temperature of a wall segment, and C0 is a 

calibration constant, henceforth termed the h-multiplier. 

This implementation of Woschni’s model thus has two 

main model inputs – the wall surface temperatures and the  

h-multiplier. We calibrate and test the model by comparing 

measured and simulated pressure traces between IVC and 

EVO for a variety of inputs. The metric chosen for this was 

the root mean squared error normalised by average 

pressures Perr, 

 
    

 
 






meas

meassim

err
p

n

pp
n

P
1

1 2

, (7) 

where θ={-60…120} and p is measured in bar. This form 

of the Woschni model uses three wall temperatures: those 

of the piston Tp, the cylinder head Th and the cylinder bore 

Tb. To simplify the analysis, the following assumptions 

were made: 
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Figure 3. Perr (%) calculated using (7) for λ = 2. O and dotted 
line show the locus of minimum error. 

 

1. The wall temperatures do not vary during the cycle. 

2. Tp and Th may be represented as a single effective 

temperature Tph . 

3. Tb = Tc + 0.5(Tph +Tc), where Tc is the temperature of 

the coolant. 

The h-multiplier is dimensionless, and is equal to unity 

when no correction is required. Simulations were 

subsequently performed for a range of Tph and h-multiplier. 

The resulting error Perr is shown for λ = 2 in Fig. 3. 

We observe that the locus of minimum error shows 

increasing h-multiplier as Tph is increased. This is due to the 

h-multiplier compensating for the decreased heat transfer 

caused by increased wall temperatures. Due to lower gas 

temperatures making changes in (Tg − Tph) more significant, 

this effect is more pronounced in leaner conditions. We also 

note that the Perr contours, showing no local minimum, are 

not sufficient to determine Tph on their own. Thus, 

modelling of the thermal network outside the chamber is 

required for full closure of the model. 

2.4 Complete cycle in-cylinder heat transfer  
 

While most significant during combustion, average in-

cylinder heat transfer in the engine of course depends on 

heat transfer throughout the cycle. During respiration or 

compression, there are also periods of negative heat transfer 

(i.e. from the hotter surfaces to the gas), and the lower gas 

temperatures mean wall temperatures become more 

significant. 

Estimating open valve heat transfer rates requires 

consideration of the flows into and out of the cylinder, and 

thus information regarding intake and exhaust conditions, 

along with valve lift profiles. A GT-Power 1D flow model 

of the engine, including intake and exhaust pipework, was 

used for this purpose.  

In-cylinder heat transfer was then modelled at each 

engine operating point, using each assumed Tph and 

resulting optimum h-multiplier. The resulting Qwall for all 

engine operating points and Tph considered is shown in 

Fig. 4. The relationship between Tph and Qwall is clearly 

 
 

Figure 4. Average in-cylinder heat transfer (kW, solid contours) and 

effective thermal impedance to coolant (K/kW, dashed contours) 

for the wide-open throttle data 

 

visible, and is most pronounced under very lean conditions, 

where gas temperatures are lower. Thus, use of realistic 

wall temperatures is more important when analysing lean 

burn engines. Also, as changes in modelled Tph are 

generally offset by changes in h-multiplier while the valves 

are closed, a significant portion of the variation in modelled 

Qwall is due to heat transfer during respiration, when gas 

temperatures are lower. 

3. Wall temperatures and energy balance 

 

Figure 4 shows Qwall with respect to Tph and engine 

operating point, however we have not yet determined 

reasonable values for Tph. As mentioned above, Perr 

provides insufficient information for this purpose. In-

cylinder wall temperatures of course depend on coolant 

temperature Tc and Qwall. However, estimation of overall 

effective thermal impedance Z (K/kW), defined as 

 

wall

cph

Q

TT
Z


 , (8) 

requires a more detailed thermal analysis of the engine, 

which is outside the scope of this paper. Figure 4 also 

shows the inferred effective thermal impedances that would 

result in the modelled Qwall values, given the measured Tc 

and the Tph values assumed. However, it is likely that 

variation in an engine’s thermal impedance will not be 

significant at a specific engine speed, and that for a typical 

engine in the studied operating conditions, Z is in the range 

of 2–8 K/kW. 

We now assume a value of 3.5 K/kW for Z, which was 

determined from a detailed model in Dennis [19]. Along 

with estimates of unburned fuel fractions, this allows 

assessment of energy transport in the combustion chamber 

(Fig. 5). First, we see that Qwall decreases monotonically as 

a fraction of fuel energy with increasing λ. Up to λ = 5, 

exhaust energy also increases. Thus, provided the unburned 

fuel fraction is low, peak indicated efficiency occurs when 

the sum of these two energy fractions is at a minimum. 
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Figure 5. First Law energy balance for the combustion chambers. 
Segments show indicated work Wi, in-cylinder wall heat 

transfer Qwall, unburned fuel (meLHVH2) and exhaust sensible  

enthalpy Hs,e as fractions of input fuel energy (miLHVH2) 

4. Conclusions 

 

This paper demonstrated a technique for using 

experimental data obtained from a reciprocating engine to 

calibrate the Woschni heat transfer correlation 

systematically, and where coolant, charge and engine metal 

temperatures are not assumed constant. This method is 

thought to be most useful for lean burn, spark ignition 

engines, where surface temperatures and in-cylinder 

convection behaviour are most likely to depart from what is 

typically observed in gasoline or diesel engines. 

Crank-angle resolved in-cylinder pressure and time-

averaged air mass flow rate, fuel mass flow rate and engine 

speed measurements were obtained from a hydrogen-

fueled, spark ignition engine on an engine dynamometer. 

The engine was operated from near stoichiometric 

conditions to 500% excess air, resulting in large variation in 

charge and metal temperatures. This data was then used to 

estimate in-cylinder heat transfer rates for a number of 

assumed wall temperatures. 

A First Law energy balance over the combustion 

chamber was then produced using this modelling. As 

expected, this energy balance confirms that in-cylinder wall 

heat transfer and exhaust gas temperature are both 

influential on the λ range for peak indicated efficiency. 
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Abstract 
Combustion characteristics of single droplets of glycerol in air at temperature 1123K, with and without methanol 

addition, were studied. The ignition delay period, burnout time and burning rates of a droplet suspended on a 

silicon carbide fibre were determined with the aid of a CCD camera. The results showed that the methanol 

addition shortened the ignition delay period and burnout time, but increased the burning rate of glycerol. Such 

effect increased with increasing methanol addition. The addition of 15% methanol in glycerol reduced the 

ignition delay period to one fifth and the burnout time to one third and improved the burning rate by five times.  

 
Keywords: Combustion Characteristic; Droplet; Glycerol; Methanol 
 

 

1. Introduction 

Crude glycerol is a by-product from biodiesel 

production. Approximately 0.1 kg of crude glycerol 

is created for per 1 kg of biodiesel produced [1, 2]. 

Due to the rapid increase of biodiesel production, the 

amount of the crude glycerol has increased 

substantially but the glycerol markets are limited. 

For instance, Europe, the biggest market for crude 

glycerol, had a surplus of 68,000 tonnes of crude 

glycerol in 2009 [1]. 

In order to utilize crude glycerol, burning it as a fuel 

for heat and power generation is perhaps the simplest 

and most meaningful option that has a great potential 

to save fossil fuels and improve the economics of 

biodiesel production [3]. However, challenges 

remain due to properties and impurities of crude 

glycerol. The impurities coming from the catalysts 

used in the biodiesel production process can lead to 

the formation of fly ash of highly corrosive nature 

during combustion. 

Crude glycerol obtained from commercial biodiesel 

industries contains a number of impurities, such as 

alcohol (normally methanol) (6.2%-12.6%), catalysts 

(normally NaOH), water (1.0%-28.7%), soap (0.0%-

31.4%), fatty acid methyl esters (FAME) (0.0%-

28.8%), free fatty acid (0.0%-3.0%), glycerides 

(0.0%-7.0%), ash (2.7%-5.7%), and non-glycerol 

organic matters [4-6]. However, crude glycerol 

properties vary depending on the biodiesel’s 

feedstock and production process [6]. 

Since the impurities are blended in the crude glycerol 

and they affect the combustion characteristics of 

glycerol in different manners, a thorough study 

regarding the effect of each impurity on crude 

glycerol combustion is important.  

Methanol is used excessively in the trans-

esterification process for producing biodiesel [5, 7, 

8]. This leads to a high amount of methanol 

dissolved in crude glycerol. As the simplest alcohol, 

methanol is considered as a clean renewable fuel and 

intermediate source of energy [9]. Therefore, 

methanol has the potential to assist crude glycerol 

combustion. Against this backdrop, this paper aimed 

to study the effect of methanol addition on the 

combustion characteristics of glycerol to simulate the 

combustion of crude glycerol in some practical 

combustion systems. 

2. Experimental 

2.1 Material 

Pure glycerol and methanol, purchased from Sigma 

Aldrich, were used in the experiments. The methanol 

was added into glycerol at 5%, 10% and 15% by 

volume, considering the fact that the amount of 

methanol in industrial crude glycerol is around 6.2% 

to 12.6% by volume [4].  The specifications of 

glycerol and methanol are listed in Table 1. 

Table 1 Main chemical components and physical properties of the 

glycerol and methanol 

 Properties Glycerol Methanol 

Molecular Formula C3H8O3 CH4O 

Molecular Weight 92.1 g/mole 32.04 g/mole 

Density 1260 kg/m³ 791.80 kg/m³ 

Boiling point 290 °C 64.7 °C 

Latent heat of evaporation 91.7 kJ mol-1  35.3 kJ mol-1 
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2.2 Experimental Procedures 

The single droplet combustion system has been 

widely used by researchers to study the ignition and 

combustion mechanisms of liquid fuels. As 

illustrated in Fig. 1, the experimental setup consisted 

of a droplet suspension system, a horizontal tube 

electric furnace with temperature control for 

providing a hot air environment, a step motor 

(equipped with backlight) for delivering the droplet 

into the furnace, and a CCD camera controlled by a 

computer for capturing the images [10]. 

 

Figure 1 A schematic diagram of the apparatus for the droplet 

combustion experiments  

The dimension of the furnace was 600 mm in length 

and 40 mm in diameter, and its temperature was set 

to 1123 K. A droplet was produced by a micro 

pipette of 10 µL and was deposited on the tip of 

silicon carbide fibre of 0.142 mm in diameter. The 

initial droplet diameter in the current study was 

around 0.95 mm. Aided by a step motor, the droplets 

were delivered to the centre of the furnace at 1 ms
-1

 

of linear velocity. A high speed CCD camera (200 fs
-

1
 of capturing speed, 0.20 ms of exposure time) was 

used to capture the images during the combustion 

process. In order to record the changes of droplet 

size during combustion process, the camera was 

backlit by a 50W halogen lamp. The step motor and 

camera were controlled using a computer.  

2.3 Data Analyses 

The burnout time and the ignition delay period of a 

burning droplet were calculated using the 

combustion history data recorded by the CCD 

camera. The camera captured images (200 images 

per second) from the moment the droplet entering the 

furnace until the combustion completed. The time 

difference between the droplet entering the furnace 

and the first visible flame was defined as the ignition 

delay period (ti). The time between the first visible 

flames to the completion of combustion was defined 

as the burnout time (tc). The recorded images of 

backlit burning droplets were processed using 

Matlab software to calculate the droplet size (ds) 

evolution during combustion. The burning rate (k) 

then was determined using d
2
-Law of droplet 

combustion by measuring the rate of droplet size 

reduction. The d
2
-Law model is as follows [2, 11]: 

)( 2

sd
dt

d
k    (1) 

3. Results and Discussion 

3.1 Droplet Size 

The temporal variation of the square of the 

normalised droplet diameter (d/d0)
2
 for pure glycerol 

with and without the methanol addition is illustrated 

in Fig. 2.  

 

Figure 2  Measured temporal variation of the square of the 

normalised droplet diameter of glycerol with different methanol 

addition 

There is a variation of the normalised square of 

droplet diameters particularly for the 

glycerol/methanol mixtures. This is caused by micro-

explosion occurred during the combustion processes. 

Micro-explosions occur due to inner circulation in 

the droplet, which is resulted from the shear forces at 

the interface of the droplet of multi-component fuels 

[11]. The micro-explosion  behaviour of multi-

component fuels can be differentiated into three 

categories: (1) early explosion mode, (2) late 

explosion mode, and (3) non-explosive mode, 

depending on boiling points of the mixtures [12]. 

The micro-explosion phenomena of glycerol and 

methanol mixtures followed these modes. Methanol, 

which is more volatile and has a lower boiling point 

than pure glycerol, is trapped within the glycerol 

droplets during combustion process. Consequently, 

methanol is quickly heated, escaping from the inside 

of the droplets, resulting in  the formation of bubble 

and later micro-explosion [13].  

It is also seen that, while the variations were not 

linear due to the existence of micro-explosion of the 

fuel mixtures when methanol was added to glycerol, 

the d
2
-law is approximately followed after an initial 

heating period. The burning rates were calculated 

using the equation (1). 

3.2 Burning Rate 

Figure 3 shows the burning rates of glycerol with 

and without methanol addition. It is clear that the 
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addition of methanol improved the burning rates of 

glycerol. The burning rate of pure glycerol was 

0.61mm
2
s

-1
 but 1.67 mm

2
s

-1
, 2.01mm

2
s

-1
, and 

2.8mm
2
s

-1 
for glycerol with 5%, 10% and 15% 

methanol addition, respectively.  

The methanol addition increased burning rates of 

glycerol droplets is probably due to two reasons: (1) 

micro-explosion and (2) reduction of the latent heat 

of evaporation of the fuel mixtures. The large value 

of methanol addition propose stronger 

microexplossion, reducing droplet lifetime two to 

three times faster [12]. According to the classic 

combustion theory of droplets, the burning rate of a 

fuel increases as the latent heat of evaporation and 

fuel boiling point decrease. Methanol has a lower 

latent heat of evaporation and boiling point than that 

of glycerol [14].  

 

Figure 3 Burning rates of glycerol with different methanol 

addition 

3.3 Ignition Delay Period and Burnout Time 

The effect of methanol addition on the ignition delay 

period of glycerol is shown in Fig. 4. It is seen that 

the ignition delay period decreased with the increase 

of methanol addition. The ignition delay period of 

pure glycerol (0% methanol addition) was 0.25 s, 

twice as high as the glycerol with 5% methanol 

addition, which had 0.12 s of ignition delay period. 

The ignition delay period of glycerol with 10% and 

15% methanol addition were 0.05 s and 0.04 s, 

respectively, showing that methanol addition 

significantly reduced the ignition delay period of 

glycerol. 

 

Figure 4 Effect of the methanol addition on the ignition delay 

period of glycerol combustion 

Factors that influence the ignition delay period 

include droplet heating and evaporation, molecular 

diffusion and mixing with air, and subsequent 

chemical reaction of gas phase between fuel and 

oxygen [10, 15]. It is clear that methanol is able to 

accelerate the ignition of glycerol because of the 

following reasons: (1) its low boiling point and latent 

heat of vaporisation, which means methanol takes a 

shorter time to heat up and evaporates faster than 

glycerol at the same air temperature; and (2) the 

oxygenated groups in methanol, which would 

accelerate the oxidation rates of the fuel vapour of 

glycerol [14].  

 
Figure 5 Effect of the methanol addition on the burnout time of 

glycerol combustion 

The effect of methanol addition on burnout time of 

glycerol is shown in Fig. 5. It is seen that the burnout 

time decreased substantially along with the addition 

of methanol. Pure glycerol required 1.61s to burn 

completely while glycerol with 5% methanol 

addition had only a burnout time of 0.75s, and the 

burnout time decreased with increasing methanol 

addition.   

 

As seen in Fig. 5, the low burnout times of the 

methanol-glycerol droplet mixtures compared to 

pure glycerol droplet is possibly attributed to the 

micro-explosions and high burning rates. During the 

combustion process of glycerol-methanol mixtures, 

micro-explosions occur, which leads to 

disintegration of the droplet into a smaller one [16] 

and therefore shortens the overall burning time [13].  
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4. Conclusions 

Methanol addition proved to enhance the combustion 

performance of glycerol. The methanol addition 

shortened the ignition delay period and burnout time, 

and increased the burning rate of glycerol. Such an 

effect increased with increasing methanol addition. 

The addition of 15% methanol in glycerol reduced 

the ignition delay period and burnout time to one 

fifth and one third, respectively, and increased the 

burning rate by five times. . It was also found that 

the methanol addition in glycerol droplets resulted in 

micro-explosions during the combustion process, 

which in turn improved the combustion performance 

of glycerol. 
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Abstract 
This study reports a phenomenological and microscopic investigation into the evolution of the iron species in a ferrous picrate 

combustion catalyst during diesel combustion from a compression ignition (CI) engine. The experiments were carried out using a 

laboratory-scale CI engine fuelled with diesel, with and without the catalyst, to generate soot particles. The particles were collected 

and subjected to analyses using SEM, TEM and EDS. Results showed that iron from the catalyst was transformed to iron-decorated 

soot particles and scattered among the clusters of soot aggregates. Moreover, there were no iron signals found in the primary soot 

matrix, indicating that iron in the catalyst did not participate in the nucleation of the primary soot during diesel combustion and thus 

the absence of iron in the internal structures. Based on the observations, a formation pathway for the iron-decorated soot particles was 

proposed, in that, the ferrous picrate catalyst releases Fe atoms upon thermal decomposition to promote the fuel combustion and 

affects soot emission by changing the overall combustion environment without intrusively interacting with the formation of primary 

soot; Fe then condenses from the burnt gas and forms iron-decorated soot particles to be attached to large soot aggregates and 

included in the exhausts. 
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1. Introduction 

 

Emissions of particulate matters from diesel 

combustion in the compression ignition (CI, diesel) 

engines, commonly known as diesel soot, are under 

increased scrutiny due to their high carcinogenic risk to 

human health and adverse impacts on ambient air quality 

[1-3]. Considerable efforts have been devoted to 

reducing soot emissions over the past decades, including 

modifications in fuel formulation, improvements in 

engine design and development in post-combustion 

treatment devices [1,4,5]. One of the effective 

approaches is the use of metal-based catalysts in diesel 

fuel. The catalyst normally contains a metallic part to 

promote the fuel combustion and an organic part to make 

the catalyst soluble in hydrocarbons, thus the term 

homogeneous combustion catalysts (HCCs). Laboratory 

and modelling studies [6-8] have shown that trace 

amounts of HCCs can significantly improve fuel 

combustion and reduce exhaust emissions. Our own 

work [9-13] have focused on an iron-based HCCs, with 

ferrous picrate as the active ingredient, which was 

capable of reducing up to 4.2% brake specific fuel 

consumption and 39.5% soot emissions in a diesel 

engine under the experimental conditions. Further 

analyses using a thermogravimetric analyser and 

transmission electron microscope (TEM) [11,12] have 

identified higher oxidative reactivity and smaller sizes of 

primary soot particles and aggregates possessed by the 

soot from burning the ferrous picrate treated diesel. 

In order to improve the understanding of the role of 

the catalyst in soot formation and oxidation processes, a 

large number of studies [9-17] have been performed to 

investigate how iron-based catalyst is emitted or 

incorporated in soot. Hahn et al [14] studied the effect of 

iron (as iron pentacarbonyl) on sooting process in a fuel-

rich premixed propane/oxygen flame and employed X-

ray photoelectron spectroscopy to analyse the collected 

soot particles. They found iron oxide nanoparticles in the 

early stage of combustion, which acted as nuclei to 

provide active sites for soot inception and nuclei 

deposition. Zhang and Megaridis [15] used a laminar 

ethylene/air diffusion flame to ascertain the effect of 

ferrocene during the soot formation process. With the 

assistance of TEM and energy-dispersive X-ray 

spectroscopy (EDS), it was found that fine iron 

fragments were incorporated in the carbonaceous soot 

matrix at the early stage of formation, which 

subsequently promoted the soot oxidation by a catalytic 

oxidation mechanism. Moreover, it is claimed by Wong 

[16] and Marsh et al [17] that the catalyst formulation, to 

a large extent, has a potential influence on the interaction 

mechanism of the metal and soot during diesel 

combustion processes. 

Extending our previous work on the ferrous picrate 

based HCCs [9-13], the aim of this contribution was to 

investigate how the iron from the addition of ferrous 

picrate catalyst emitted in the exhausts after catalysing 

the diesel combustion processes. To this end, the study 

entailed doping the fuel supply with ferrous picrate to 

introduce the additional iron and using a laboratory-scale 

CI engine to generate the soot particles. Samples of these 

soot particles were collected and analysed using 

scanning electron microscope (SEM) and TEM in 

conjunction with EDS. The outcomes of this research 

have substantiated the transformation of the Fe species in 

the catalyst in diesel combustion process and provided 
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substantial evidence to understand the mechanisms of 

the catalyst in the overall soot formation process. 

2. Experimental 

2.1 Fuel and the catalyst 
 

A commercial diesel was obtained from a local 

service station (Caltex Australia Ltd) and used as a 

reference fuel. The ferrous picrate catalyst (FPC) was 

provided by Fuel Technology Pty Ltd, which was a 

liquid solution with ferrous picrate dissolved in the 

solvent naphtha. In order to produce iron-rich particles, 

the catalyst dosage ratio of 1:1000 was used, which was 

ten times higher than the manufacturer recommended 

ratio. Adding this amount of the catalyst did not 

noticeably alter the fuel physical properties [9,10]. 

2.2 Sample collection 
 

Soot samples were collected from the exhausts of a 

four-stroke, single cylinder, direct injection CI engine 

(YANMAR L48AE, AET Ltd.). The engine had 70mm 

bore, 55mm stroke, 211cm
3
 displacement, compression 

ratio of 19.9:1. A Zöllner TypeA-100, water cooled, 

electric dynamometer was coupled to the engine output 

shaft for providing the load conditions. Details of the 

engine system have been reported elsewhere [9-11]. 

During the soot sample collection, the engine was 

maintained under a speed of 2800rpm and a load of 

5.5Nm (75% of the max. load under the specified speed).  

When the engine was stabilised under the above 

conditions, bulk soot particles were collected on a glass 

fibre filter paper (Whatman GF/A, 1.6 µm pore size) that 

was located in the exhaust path for 3h. Up to 5mg of 

each sample was then scratched off from the filter paper 

and transferred to the conductive tape on a stub for 

SEM-EDS analysis. 

For TEM imaging, the soot particles were directly 

sampled from the hot exhaust stream using a 

thermophoretic sampling technique as described 

elsewhere [11,12]. In brief, the technique involved a 

30mm-long grid holder with TEM copper grids (200 

mesh, holey carbon film coating) attached to the tip, 

which was inserted parallel to the exhaust flow by a step 

motor for a rapid soot sample collection. Three parallel 

sample grids were taken for each fuel run to ensure the 

repeatability of the following analysis.  

2.3 Analytical techniques 
 

The morphology and local compositional 

information of the soot samples collected were revealed 

using a Zeiss 1555 SEM, equipped with a secondary 

electrons (SE) detector, a backscattered electrons (BSE) 

detector and an energy dispersive X-ray spectrometer 

(EDS, Oxford Instruments). The instrument was 

operated at an accelerating voltage of 10-15kV, a 

working distance of 3-16mm and a range of 

magnifications (from 5000× to 50,000×) for imaging. 

The EDS elemental analysis was carried out at a 10mm 

working distance and an accelerating voltage of 15kV, 

and an integration time of 60s was employed to improve 

the signal to noise ratio. 

The structural properties of the soot at a nanoscale 

were studied using a JEOL 3000F TEM equipped with a 

field emission gun with a point resolution of 0.16nm at 

an accelerating voltage of 300kV. High Angle Annular 

Dark Field Scanning TEM (HAADF STEM) images and 

EDS maps (using an Oxford Instruments detector) were 

used to locate the metals in the soot. High resolution 

TEM (HRTEM) analysis was also carried out to detect 

the internal structure of the soot particles. A Gatan 694 

MSC digital camera was used to capture the images 

which were then processed using Digital Micrograph 

software (Gatan Inc). 

3. Results and Discussion 

3.1 SEM analysis 
 

Soot samples from the reference diesel and PFC 

treated diesel were examined using SEM with the SE 

detector. For both cases, it was observed that the 

spherical-shaped primary soot particles, generally 20-

30nm in diameter spatially coagulated together to form 

large soot aggregates, which grew into so called grape-

like (aciniform) [2] or chain-like [3] clusters. There were 

no obvious differences in the surface morphology that 

could be discerned between the two soot samples from 

the reference diesel and FPC treated diesel. However, 

slightly smaller sizes of primary soot particles have been 

identified for the soot from the FPC treated diesel than 

that of the reference diesel soot as reported elsewhere 

[11,12], indicating that the FPC catalyst has influenced 

the sizes of the primary soot particles during the soot 

formation processes. 

 

 
Figure 1 An SEM micrograph of soot particles from the FPC 

treated diesel 

 

To locate Fe in the soot, the samples were examined 

with the SEM operating under the BSE detector mode, 

which produces contrast sensitive to atomic number Z 

variations [18]. In BSE images, metals with high Z 

values appear brighter compared to carbon, which 

enables the identification of the metal elements. 

Results showed that no detectable signal of Fe was 

found in the soot particles from the reference diesel. 
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However, for the soot from the FPC treated diesel, 

elements heavier than carbon were captured, as 

displayed in the micrograph shown in Figure 1. It can be 

seen that the clusters of soot aggregates showed a gray-

coloured carbon background in the micrograph, while 

the bright spots scattered among the gray soot 

backgrounds represented heavier elements than carbon. 

Three areas containing bright spots were randomly 

selected and subsequently analysed by EDS. It was 

found that the Fe peak was distinctly observable from 

the three areas, indicating that these bright spots were 

essentially iron-containing particles. The spot c where 

high Fe signal was captured was further examined by the 

SE imaging at a higher magnification to investigate the 

surface morphology. As shown in Figure 2, it was found 

that the Fe-containing particle in spot c featured with a 

smooth surface and a round edge (ca. 2 µm in diameter) 

and was entangled with the surrounding soot particles, as 

marked by the arrow in the micrograph. Particles with 

this distinctive features were therefore named as “iron-

decorated soot particles”. 

 

 
Figure 2 An SEM micrograph for the spot c marked in Figure 1 

at higher magnification 

3.2 TEM analysis 
 

 
Figure 3 An STEM micrograph of typical primary soot particles 

in a soot aggregate from the FPC treated diesel 

 

In order to determine if there was any elemental iron 

incorporated in the primary soot matrix, the soot 

particles from the FPC treated diesel were examined 

under TEM. The JEOL 3000F TEM was operated in 

HAADF-STEM mode. In this technique, the differences 

in the atomic number Z between metal and carbon 

allowed phase contrasts to be imaged by dark-field 

imaging, and an EDS detector was employed to identify 

the metals when they were located. 

Figure 3 displays a typical STEM image of the 

primary soot in a soot aggregate from the FPC treated 

diesel. It can be seen that the sample displayed a fairly 

uniform phase contrast, showing the carbonaceous nature 

of the soot particles. The EDS analysis of the sample 

confirmed that the primary soot matrix mainly contained 

carbon with no presence of Fe. The brighter region in the 

image was due to the overlapping of the primary soot 

particles. 

Further analysis of the primary soot particle under 

HRTEM, as shown in Figure 4 (a) and (b), revealed a 

turbostratic graphitic crystalline structure with no 

discernible differences in the lattice spacing between the 

soot samples from the reference diesel and FPC treated 

diesel, respectively. All the sample grids were carefully 

examined by STEM and HRTEM and no Fe signals were 

detected in any primary soot matrix of the FPC treated 

diesel, which again confirms the absence of iron in the 

primary soot structure. 

 

 

 
Figure 4 HRTEM micrographs of the primary soot from (a) 

reference diesel and (b) FPC treated diesel 

 

The observations under both SEM and TEM verify 

that in diesel engine combustion, iron derived from the 

FPC catalyst was emitted together with the mature soot 

particles, without directly affecting the mechanisms of 

the initial formation of the primary soot particles. These 

iron-decorated soot particles have further catalytic 

activity to allow soot to be oxidised at lower 

temperatures and faster oxidation rates, which was 

confirmed by TGA tests in our previous study [12]. The 

possible formation pathway for these iron-decorated soot 

particles may be proposed as described below, which can 

also shed light on the interaction mechanism of iron and 

soot during the combustion processes in diesel engines. 

3.3 Formation pathway for iron-decorated 
soot particles 

 

Summarising the aforementioned discussion and 

interpretation of the present results, along with those 

reported in the literature, a plausible formation pathway 

has been proposed for the iron-decorated soot particles 

observed in engine exhausts, as schematically shown in 

Figure 5. As the FPC treated diesel fuel is injected into 

the combustion chamber at a high pressure and 

(a)

(b)
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temperature, a plume of fuel vapour with an internal 

temperature up to 1600K is formed [19]. The ferrous 

picrate decomposes at 523K [13], so it is reasonably 

deduced that the FPC thermally decomposes rapidly and 

ejects Fe atoms into the flame while the fuel droplets 

vaporise. The released Fe atoms enhance the 

hydrocarbon combustion, resulting in a higher peak 

cylinder pressure and faster heat release rate in the 

chamber [9]. In this changed combustion environment, 

the gas-phase hydrocarbon fragments burn more 

completely and form fewer soot nuclei, leading to 

smaller primary soot particles. In the later stage of 

combustion, the catalyst effectively accelerates the soot 

oxidation process, which is inferred by the lower ignition 

temperatures and higher oxidation rates associated with 

the soot from the FPC treated diesel, as reported 

previously [12]. Towards the end of the combustion 

cycle, Fe atoms condense from the burnt gas phase and 

form iron-decorated soot particles which were adsorbed 

onto the surface of large soot aggregates, as displayed by 

the morphology in Figures 1 and 2. Following the 

aforementioned mechanism, the fuel combustion in a 

diesel engine is substantially promoted by the FPC 

catalyst, resulting in lower fuel consumptions and less 

incomplete combustion pollutants including soot, as 

confirmed in our previous engine tests [9-12]. 

 

 
Figure 5 A schematic showing the formations of iron-decorated 

soot particles during diesel combustion 

4. Conclusions 

The ultimate fate of iron in a ferrous picrate based 

catalyst during CI engine combustion was investigated 

using a combination of several advanced microscopic 

characterisation techniques including SEM, TEM and 

EDS microanalysis. Results showed that the iron in the 

catalyst formed iron-decorated soot particles and was 

dispersed on the surface of soot aggregates in the 

exhausts. The analyses also revealed no sign of iron 

among the carbonaceous matrix of the primary soot from 

the catalyst treated diesel, indicating that the catalyst did 

not intrusively affect the early nucleation of the primary 

soot during the soot formation processes. 

The evolution of iron in the catalyst during CI 

engine combustion was therefore proposed: upon 

thermal decomposition, the catalyst releases Fe atoms, 

which promote diesel combustion and accelerate the soot 

oxidation without directly affecting the formation of the 

primary soot, leading to fewer and smaller soot particles; 

then the iron atoms form iron-decorated soot particles 

and be attached to large soot aggregates in the exhausts. 
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CHARACTERISATION OF FUEL SPRAYS 
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Abstract 
A high temperature, high pressure, constant volume chamber (CVC) has been designed and commissioned at the 

University of Melbourne. This experimental apparatus allows for the study of fuel sprays at a wide range of operating 

conditions that are relevant to modern, spark-ignited, direct-injection engines. 
 
Keywords: fuel sprays, direct injection, liquid hydrocarbon fuel 
 

Nomenclature 

CVC Constant Volume Chamber  
GDI Gasoline Direct Injection  
ICE Internal Combustion Engine  
LIF Laser Induced Fluorescence  
LPG Liquified Petroleum Gas  
P&ID Process and Instrumentation Diagram  
SI Spark Ignition  
VI Virtual Instrument 

1. Introduction 

A rapidly increasing demand for lower 
emissions and more efficient internal combustion 
engines (ICE) has spurred significant research 
efforts [1, 2]. Optical diagnostics of spray 
evaporation and combustion are central to efforts 
with operation at engine representative conditions 
[1,3–6], a basic requirement for these types of test 
rigs. 

The optical research engine is the most 
accurate test facility to model the processes within 
an internal combustion engine (ICE). However, 
more fundamental studies, such as studies of spray 
evaporation, are difficult to carry out due to the 
complex flow field inside the optical engine [7]. In 
order to isolate critical spray phenomena from in-
cylinder flows, alternative test facilities are often 
used to conduct spray studies, such as in a 
constant volume chamber (CVC) [8–11]. This 
device can provide a volume of gas at a wide range 
of elevated pressures and temperatures resembling 
in-cylinder conditions. 

Although some drawbacks like strong 
temperature gradients due to injector cooling 
restrict the application of the CVC, its simple 
operation and relatively good optical access make it 
a good candidate for controlled fuel spray 
investigations that can be used to validate physics-
based models and provide important insight into 
spray processes. In this paper, the design and 
commissioning of such a CVC to study spray 

evaporation is discussed. 

The CVC will have the flexibility to investigate 
automotive fuel spray phenomena in several 
thermodynamic regimes that currently are not well-
characterised. In particular, flash boiling and 
supercritical sprays for fuels such as liquified 
petroleum gas (LPG), a potentially attractive 
alternative automotive fuel [1], will be one primary 
focus of experimentation with this device. These 
spray processes have significant applicability to the 
modern spark-ignited (SI), gasoline direct-injection 
(GDI) ICE, as the spray atomisation and breakup 
process has a profound impact on combustion 
efficiency and emissions. 

2. Design of the Test Section 

The CVC was designed to conduct 
experimental studies for a variety of liquid fuel 
sprays under a wide range of conditions in a non-
combusting, inert environment. The maximum rated 
temperature (500˚C) and pressure (50 bar) were 
chosen to emulate in-cylinder conditions that could 
be present in an engine prior to combustion, as well 
as to provide the ability to test a variety of 
alternative fuel sprays at subcritical, flash-boiling 
and supercritical conditions. Figure 1 contains a 
sectioned view of the CVC with the major 
components highlighted. A view of a portion of the 
experimental setup is depicted in Fig. 2 in its 
current configuration for Schlieren imaging. 

2.1 Data Acquisition 
 The data acquisition system is composed of 

two computers running in tandem; one PC that runs 
a LabVIEW virtual instrument (VI) to monitor and 
collect data, and a separate PC running LaVision’s 
DaVis software that controls the camera hardware. 
The CVC is outfitted with a GE Measurement and 
Control UNIK 5000 series 0-60 bar absolute 
pressure transducer and thermocouples to measure 
the internal temperature of the CVC, as well as fuel 
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temperature in the rail. Control of the fuel injection 
experiments is handled via the LabVIEW interface, 
which commands the DaVis software to begin 
running a pre-configured script that will command 
the camera to take images and simultaneously 
signal the fuel injector and the exhaust solenoid to 
open at a specified time after the fuel injection 
event. For every image recorded, the DaVis script 
also sends a signal back to the Lab-VIEW VI, 
triggering the VI to collect pressure and 
temperature data during the spray event. A 
separate alarm relay based system is used to 
control rig operation in emergency conditions. 

2.2 Optical Access and Imaging Techniques  
One of the goals of the design was to ensure 

that the imaging conducted would have direct 
applicability to spark ignition engine research. To 
this end, the enclosed volume of the CVC was 
designed to be the intersection of three cylinders, 
each with a diameter of 90 mm. This is not an 
arbitrary diameter; it corresponds to the 
approximate bore size of many commercially avail-
able gasoline engines. The three intersecting 
cylinders allow for the placement of a fuel injector 
on the top face, an exhaust on the bottom, and any 
combination of windows or instrumentation mounts 
on the other four sides. For example, for line of 
sight measurements, two 90 mm diameter fused 
quartz windows can be arranged on two opposing 
sides so light from an appropriate source can be 
passed through the interior of the CVC for spray 
imaging. The other two sides will contain stainless 
steel ”blanks”, which are 50 mm thick and 90 mm 
diameter stainless steel disks that are outfitted with 
instrumentation. 

Several imaging techniques will be utilised to 
fully characterise fuel spray phenomena, including 
ensemble-averaged and high-speed Schlieren, Mie 
scattering and laser induced fluorescence (LIF). 
Schlieren imaging is a well-established and rela-
tively simple technique of high sensitivity that is 
capable of capturing density gradients in flow fields. 
This allows for the production of both qualitative 
images of different fuel sprays, and quantitative 
data such as penetration length and spray area. 
The chief disadvantage of Schlieren imaging is that 
it is difficult to resolve the liquid and gas phases 
separately. In contrast, Mie scattering images 
mainly the liquid phase of the spray. LIF has the 
potential to capture both phases simultaneously. 
However, care must be exercised when selecting 
the fuel dopant if required so as not to give 
misleading results. 

2.3 Fuelling System 
The fuel system for the CVC consists of several 

components designed to offer flexibility in the types 
of fuels that can run in the spray rig. It consists of a 
high pressure (up to 350 bar) gas cylinder that has 
a 500 cm

3
 volume and is charged using bottles of 

high pressure nitrogen. The current injector is a 
production injector from Bosch that is run with a rail 
pressure of 150 bar. This hardware is appropriate 
for the types of fuel injectors that would be found in 
a GDI production engine. 

2.4 Chamber Exhaust  
Once a fuel spray image has been captured, 

the CVC volume is purged for a few seconds to 
ensure that excess fuel does not accumulate inside 
the enclosed volume and potentially degrade fur-
ther images. In particular, the fuel from a previous 
spray must be evacuated so as not to build a liquid 
film on the quartz windows. The exhaust process is 
actuated via the DaVis software script that opens a 
solenoid valve downstream of the CVC exhaust 
port at a prescribed amount of time after the 
injection event. 

 

 

 

FIGURE 1. A sectional view showing the enclosed volume of the 
CVC, comprised of three intersecting cylinders with a 90 mm 
diameter. The fuel injector (A) is mounted in a special fixture on 
the top face. The quartz windows (B) are located on opposed 
sides of the rig. The gas enters from the rear of the chamber and 
is exhausted through a port at the bottom (C). The flange (D) is 
bolted down and used to compress the high temperature 
Thermiculite 815 gaskets (E) used to seal the chamber. 

2.5 Heat Exchanging Components 
In order to achieve the conditions necessary for 

the high temperature tests in the CVC, several heat 
exchanging devices are required to ensure reliable 
and safe operation. The interior volume of the CVC 
is pressurised with nitrogen so that the fuel will be 
injected into a chamber where there is no oxidizer. 

This nitrogen is heated by a kiln in order to 
bring the CVC up to its desired operating 
temperature. Inside the kiln is a length of 
approximately 30 meters of stainless steel tube 
where the nitrogen is allowed to reside prior to its 
injection into the CVC. The kiln temperature is 
modulated by means of a PID temperature 
controller, and by adjusting this operating 
temperature and the amount of time the gas is 
allowed to reside in the tube, the CVC temperature 
during the fuel injection event can be controlled. 
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FIGURE 2. A photograph of the current experimental setup highlighting the chamber and optics setup for Schlieren 

imaging using a z-type configuration 

 
FIGURE 3.  P&ID diagram for the CVC experimental setup 

 
Hot gas in the CVC is expelled by a high 

temperature solenoid valve, but the exhaust must 
first pass through another heat exchanger so that it 
is sufficiently cooled before passing through the 
solenoid (the maximum working temperature of the 
valve is roughly 200˚C). 

Once gas exits the CVC, it passes through 
another coil of tube that is 45 meters in length and 
immersed in a 60 litre steel drum full of water.  This 
feature enables the evacuated gas to reach a 
temperature of about 100˚C before passing through 
the solenoid, ensuring safe valve operation. This 
particular setup gives this CVC design the 
advantage of having independent pressure and 
temperature control, as opposed to an apparatus 
that relies on a burning mixture to raise in-chamber 
conditions to high temperatures. 

3. Safety, Risk Considerations and 
Commissioning 

Due to the inherent risks associated with high 
temperature and high pressure vessels, substantial 
effort was invested in the design calculations of the 
CVC. This included designing to the appropriate 
standard [12], having the design certified by an 
authorised, independent organization and 
hydrostatic testing. Additionally, the design of the 
setup took into consideration the discharge of the 
nitrogen and fuel into the test cell exhaust to ensure 
that this mixture would remain outside the 
flammability limits of test fuels. The system to 
reliably and safely control the CVC experiments is 
summarized by the process and instrumentation 
diagram (P&ID) of Fig. 3. 
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FIGURE 4. An example of raw Schlieren images taken with the CVC experimental apparatus injecting iso-octane into 

ambient air on the top row and post-processed spray edge traces underneath; each image is from a successive spray 
event at a given time after injection, which is shown on the bottom row 
 

4. Initial Results and Discussion 

A few initial results from Schlieren imaging and 
the post-processing routine are presented here to 
give a representation of some of the capabilities of 
the CVC experimental setup. 

To obtain quantitative spray parameters from 
raw images, a logic-based image processing 
procedure has been established using a MATLAB 
code. A background image is taken immediately 
before each injection, and is used for the 
background subtraction process. To remove most 
of the remaining background noise, a threshold 
grey level filter is applied after background 
subtraction. The subtracted image is then used for 
an edge detection operation. During this process, a 
”Prewitt” operator is used to detect the edge of 
spray [13]. A regular series of filling, erosion and 
dilation processes are applied to complete the 
morphological operation and accordingly extract the 
spray outline [13]. 

A specific example of this processing routine is 
shown in Fig. 4. The images were captured 
injecting iso-octane into air at standard conditions, 
and were taken from successive injection events. 
Once collected, the post-processing code was run 
to determine the edge of the fuel spray, shown in 
middle row of Fig. 4. This analytical technique can 
be exploited to determine penetration length, spray 
angle and spray area from a raw image. This set of 
data is useful to compare and contrast different 
fuels running under a wide range of operating 
conditions in the CVC, and also to use as validation 
for spray models. 

5. Summary and Conclusions 

A design for a high temperature and high 
pressure constant volume chamber has been 
presented to use in the study of fuel sprays under 
various conditions. The enclosed volume of the 
chamber is composed of three intersecting 
cylinders bored through a cube, each of 90 mm 
diameter. Quartz windows are mounted on 
opposing sides of the cube, which provide access 
for optical measurements. The CVC design was 

certified using the AS 1210 standard for pressure 
vessels, and initial results indicate that the 
apparatus will be suitable for optical diagnostics of 
sprays. 

6. Summary and Conclusions 

This research was supported by the Advanced 
Centre for Automotive Research and Testing 
(ACART, www.acart.com.au) and the Australian 
Research Council. 
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Abstract 
The effect of injection pressure on the structural transformation of flash-boiling sprays of ethanol was investigated using a multi-

hole injector in an optically accessible, single-cylinder spark-ignition direct-injection (SIDI) engine. The engine was operating at 1200 

revolutions per minute at wide-open-throttle conditions with no intake air boosting. In fully warmed-up engine environments, high-

speed Mie-scattering imaging was performed for two fuel injection timings of 90 and 300 crank angle degrees after top dead centre, 

corresponding to low and high ambient pressure conditions, respectively. The injection pressure was also varied from 4 to 15 MPa. 

The macroscopic spray structure was quantified using spray spreading angles. From the measurements, it is found that fuel sprays 

injected at the earlier injection timing, when the vapour pressure of the fuel is higher than the ambient pressure, show the convergence 

of the spray plumes towards the injector axis evidencing the flash-boiling phenomenon. By contrast, fuel injected at the later timing, 

and hence, higher ambient pressure than the fuel vapour pressure, show typical spray structures with distinct plumes for each nozzle 

hole. It is observed that the convergence of spray plumes associated with the flash-boiling is found to be reduced with increasing 

injection pressure, as higher injection momentum reduces the plume-to-plume interaction resulting in increased directionality of the 

spray plumes. This observation suggests a great benefit of high pressure injection and flash boiling sprays in achieving well-mixed 

charge. 

Keywords: Flash-boiling spray, Injection pressure, Mie-scattering, Ethanol, Multi-hole injector. 
 

 

1. Introduction 

 

Flash-boiling is a phenomenon that occurs when a 

superheated fuel spray is exposed to sub-saturation 

pressure and is commonly observed in homogeneously 

charged combustion regimes of spark-ignition direct-

injection (SIDI) engines that implement early fuel 

injection [1]. A portion of the fuel will transform into 

vapour/bubbles within the liquid fuel, thus effectively 

creating a two-phase flow. These bubbles will 

subsequently undergo an internal expansion process 

during injection, whereby forces imparted by the 

expansion process would enhance the breakup of the 

liquid fuel jet [2]. Compared with non-flash-boiling 

sprays, the flash-boiling sprays are known to have 

smaller droplet sizes and enhanced vaporization process, 

which are highly desirable for optimised mixture 

preparation in SIDI engines [3]. 

 

Recent studies suggest that the flash-boiling sprays 

undergo different breakup and atomisation processes 

compared to non-flash-boiling sprays. For example, the 

liquid jet breakup process of the non-flash-boiling spray 

is correlated to the competition amongst various forces, 

such as inertia, surface tension, viscosity and 

aerodynamic drag [1, 4]. The flash-boiling sprays, 

however, are not observed to display such correlation 

[1]. Instead, it was reported that the breakup and 

atomisation processes of flash-boiling spray are largely 

influenced by the extent of vaporisation and the spray 

flow-field [1, 4]. Previous studies have focused on the 

structural transformation of flash-boiling sprays by 

controlling the superheated degree of fuel. For example, 

it was suggested that increased superheating leads to 

stronger interactions between plumes, which play a key 

role in the occurrence of spray collapse [1].  

 

The present study aims to provide further 

information on the structural transformation of the flash-

boiling sprays with an emphasis on the varying injection 

pressures that would impact the spray flow-field. Firstly, 

ethanol is injected by a side-mounted multi-hole injector 

into a fully warmed single-cylinder optically accessible 

SIDI engine at an early injection timing of 90 crank 

angle degrees after top dead centre of the intake stroke 

(
o
CA aTDC) to induce flash-boiling. The details of the 

temporal and spatial development of the flash-boiling 

ethanol sprays are evaluated over a range of injection 

pressures (viz. 4, 7, 11 and 15 MPa). Secondly, ethanol is 

injected into the engine cylinder at a later injection 

timing (300
o
CA aTDC), whereby the higher in-cylinder 

pressure condition is expected to reduce the extent of 

flash-boiling. The comparisons of the spray spreading 

angle of the ethanol sprays at the two injection 

conditions are conducted, to give insights on the 

injection pressure effect on spray development with 

different degrees of flash-boiling.  

2. Experiments 

2.1 Optical SIDI Engine 
  

The experiments were carried out in an optically 

accessible, single-cylinder SIDI engine as shown in 

Fig. 1. The engine specifications are specified in Table 1. 

A conventional 4-cylinder engine head was modified 

such that three of the cylinders were removed, resulting 

in a single-cylinder displacement volume of 500 cm
3
. 

The cylinder has an 86 mm bore and stroke, and a 
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compression ratio of 10.5. The fuel sprays are delivered 

using a side-mounted multi-hole injector between the 

intake valves, which would be directed towards the 

centrally-located spark plug due to the upward 

movement of the piston and tumble flow, i.e. wall-

guided system. The valve train includes two intake and 

two exhaust valves, and the open/close timings are listed 

in Table 1. It should be noted that 0
o
CA corresponds to 

top dead centre of the intake stroke in this paper, and 

crank angle timings in the subsequent sections will be 

presented with respect to it.  In the optical engine, a 

donut-shape, 30 mm long, quartz window replaced a 

portion of the cylinder liner to give optical access to the 

combustion chamber. A drop-down liner and hydraulic 

ram system was used to allow quick access to the 

combustion chamber for cleaning purposes. An extended 

piston, which allows for a 45
o
 angled mirror to be 

positioned in the hollow core of the piston, was also used 

to provide optical access to the combustion chamber via 

a quartz piston crown. 

2.2 Engine Control and Operating 
Conditions 

 

Synchronization of various control triggers for 

injection and image acquisition system was achieved 

using a timing control unit (Zenobalti ZB-9013P) and a 

rotary encoder (Autonics E40S8) with 1800 pulses per 

revolution on the crank shaft. The in-cylinder pressure 

was measured using a piezo-electric pressure transducer 

(Optrand C822J6-SP) that is mounted onto the spark 

plug. The spark plug was not used as the objective of this 

work was to investigate the spray development. The 

engine was motored using a 35 kW AC motor at a fixed 

speed of 1200 revolutions per minute (rpm). The intake 

air was neither boosted nor throttled and therefore the 

pressure was held constant at 100 kPa. The intake air 

temperature was measured at 320 K throughout the 

experiments. To simulate fully warmed up conditions of 

the engine, the coolant was heated to 363 K and this 

temperature was held constant during the engine 

operation using a water heater/circulator (ThermalCare 

Aquatherm RA092007). The crank angle resolved in-

cylinder pressure for all the injection cycles were 

acquired and plotted as shown in Fig. 2. From the figure, 

it is evident that the motored peak pressure of the tested 

conditions was 1.96 MPa and that there was no 

significant cycle-to-cycle fluctuation in motored 

pressures, thus ensuring that the fuel injection events 

were compared at nominally identical conditions. It is 

noted that the ambient pressure values at the start of 

injection (90 and 300
o
CA aTDC) were measured to be 

100 and 400 kPa, respectively, as annotated in Fig. 2.  

2.3 Fuel Properties 
 

Pure ethanol was used for this flash-boiling sprays 

study. As mentioned previously, the coolant temperature 

was fixed at 363 K, which was assumed to be fuel 

temperature at the time of injection. The vapour pressure 

of ethanol at 363 K is calculated to be 160 kPa [5]. One 

can therefore expect that when ethanol at 363 K is 

injected at 90
o
CA aTDC, the flash boiling would occur 

as the vapour pressure of the ethanol is higher than the 

in-cylinder pressure (Pa=100 kPa). By contrast, the flash 

Table 1: Engine specifications and operating conditions. 

Engine specifications  

Displacement (cm3) 500 

Bore (mm)/Stroke (mm) 86/86 

Compression ratio 10.5 

Valve system Double overhead camshaft 
Intake valve open  

(oCA aTDC) 

7 

Intake valve close  
(oCA aTDC) 

247 

Exhaust valve open  

(oCA aTDC) 

496 

Exhaust valve close  

(oCA aTDC) 

720 

Operating conditions  
Engine speed (rpm) 1200 

Temperature in intake manifold 

(K) 

320 

Intake pressure (MPa, abs) 0.1 

Coolant temperature (K) 363 

Fuel injector specifications  

Fuel injector Continental DI XL2, 6-holes  

Injection pressure (MPa) 4, 7, 11 and 15 

Injection timings (oCA aTDC) 90 and 300 
Injection duration (ms) 0.5 

 

Figure 2: In-cylinder pressure versus crank angle traces from the 

optical engine. The peak pressure (Pmax) at tested conditions of this 

study is 1.96 MPa. The start of injection points are indicated using 
dashed lines. The corresponding in-cylinder pressure values at the 

injection points are also annotated. Figure 1: Schematic diagram of optical engine and Mie-scattering 
imaging setup (not to scale). 
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400 kPa

100 kPa
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boiling would not occur if ethanol is injected at 300
o
CA 

aTDC as the vapour pressure is lower than the in-

cylinder pressure (Pa=400 kPa).  

2.4 Image Acquisition  
 

High-speed Mie scattering imaging was performed 

using a setup listed in Table 2. The lighting was 

introduced into the combustion chamber through the 

quartz liner window. The spray was illuminated using a 

flash lamp (Multiblitz Profilux Plus 400), from which 

the light was diffused through a pair of semi-opaque 

Perspex sheets to achieve homogeneous illumination. 

Each flash shot has duration of ~1 ms, which is long 

enough to visualise the entire injection event for the 

selected injection duration. The spray images were taken 

through the piston crown using a high-speed camera 

(Vision Research Phantom v7.3) that is equipped with a 

14-bit CMOS sensor and a Nikon 50 mm f/1.4 lens. The 

frame rate was set at 10,000 frames per second with an 

image resolution of 320×240 pixels (or 0.33 mm per 

pixel), which corresponds to one frame per 0.72
o
CA at 

1200 rpm. The f-number and exposure time were fixed at 

16 and 1 µs, respectively, for image clarity. 

2.5 Image Processing  
 

All images collected were corrected for the 

background. Each corrected image was subsequently 

converted to a binary image using Otsu’s boundary 

detection model — a widely used threshold-based 

method [6]. The spray spreading angle, on the other 

hand, was taken as the average spray spreading angle 

between a starting and ending points of the two outer 

plumes and should not be confused with a spreading 

angle of a single spray plume. It is noted that the 

overlapping of the adjacent spray plumes prevented the 

accurate determination of the spreading angle of a single 

spray plume. The starting and ending points were chosen 

to be 25% and 50% of the instantaneous total spray 

length for all spray images of this study. 

3. Results and Discussion 

 

Sequential ethanol spray formation at 90 and 

300
o
CA aTDC, at injection pressures of 4 MPa, are 

shown in Fig. 3. The spray images are presented from 

2.2 to 6.5
o
CA after start of injection (aSOI) for each of 

the conditions. The corresponding time aSOI is provided 

at the bottom-left of the first row images of each figure. 

It is noted that the spray developments presented are 

viewed through the piston crown. From the figures, it is 

evident that the ethanol spray development is influenced 

by the change in ambient condition. In Fig. 3(a), the 

ethanol spray plumes from each of the nozzles of the 

side-mounted multi-hole injector are observed to be 

cloudier, and appeared to have merged along the injector 

axis, when injected at 90
o
CA aTDC. In Fig. 3(b), the 

ethanol spray plumes, on the other hand, are more 

identifiable and directed, when injected at 300
o
CA 

aTDC. Previously, Zeng et al. [1] found that such 

structural transformation of the sprays is correlated to the 

superheated degree of the fuel. They also suggested two 

ratios of critical ambient pressure to saturation pressure 

(Pa/Ps): 1.0 for the occurrence of flash boiling and 0.3 

for spray collapsing due to significant flash-boiling. 

Using the ambient pressure value from Fig. 2 and 

ethanol saturation pressure (Ps=160 kPa), the Pa/Ps 

values of the investigated ethanol sprays are estimated to 

be 0.63 and 2.5, when injected at 90 and 300
o
CA aTDC. 

The spray plumes and are therefore within the 

transitional flash-boiling (0.3 < Pa/Ps < 1) and non-

flash-boiling regimes (Pa/Ps > 1), respectively [1]. It is 

also understood that the observed merging of the multi-

hole ethanol sprays at 90
o
CA aTDC is attributed to flash-

Light source Multiblitz Prolifux Plus 400 

flash lamp 

Flash duration (ms) 1 

High-speed CMOS camera Vision Research Phantom v7.3 

Pixel resolution (mm per pixel)  0.33 
Frame rate (frames per second) 10,000 

f-number 16 

Exposure time (µs) 1 

 

 (a) 90
o
CA (b) 300

o
CA 
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 Figure 3: Typical Mie-scattering images of ethanol sprays at various 
oCA aSOIs for injection pressure of 4 MPa. Injection timing: (a) 

90oCA aTDC (In-cylinder pressure: 100 kPa), (b) 300oCA aTDC (In-
cylinder pressure: 400 kPa). 

 

Table 2: Mie-scattering imaging setup 
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boiling, due to the lower in-cylinder pressure condition 

(Pa=100 kPa and Pa/Ps < 1). Specifically, the ethanol 

spray plumes, when injected into the cylinder, expanded 

around the nozzles due to flash-boiling. The widened 

spray plumes interacted extensively to result in the 

development of mixing layers between the plumes [1]. 

These momentous mixing layers subsequently induced 

the convergence of the plumes towards the injector axis 

to form a solid spray, as is observed. No flash-boiling, 

however, was observed at later injection at 

300
o
CA aTDC, due to its higher in-cylinder pressure 

(Pa=400 kPa and Pa/Ps>1). 

 

The injection pressure effect on the spray 

development of the flash-boiling spray is further 

assessed by computing the spreading angle of the spray 

plumes. Figure 4 demonstrates that the spray spreading 

angle increases with injection pressure at the two 

injection conditions. It is noted that the spray spreading 

angles are derived from the spray images acquired at 

5.76
o
CA aSOI, as the limited access through the quartz 

piston crown prohibited the assessment of spray 

spreading angle at the earlier stages of injection. An 

immediate conclusion from the figure may be drawn that 

the spray spreading angle increases with injection 

pressure, and the increase is more significant for sprays 

injected at 90
o
CA aTDC (transitional flash-boiling 

ethanol sprays). The smaller spreading angle of 

transitional flash-boiling ethanol sprays at lower 

injection pressure is attributed to convergence of spray 

plumes from flash-boiling, as previously discussed. The 

observed increase in the spray spreading angle with 

increasing injection pressure, however, indicates that the 

higher injection pressure reduces the impact of the 

plume-to-plume interaction on the directionality of the 

spray. The greater spray plume momentum, imparted by 

the higher injection pressure, was sufficient to overcome 

the downward flow motion induced by the mixing 

layers. The results was that the ethanol spray plumes, 

injected at 90
o
CA aTDC, would be less converged 

towards the injector axis and maintain more of their 

directionality at higher injection pressure. The relatively 

stable spray spreading angle of the less superheated fuel 

sprays (at 300
o
CA aTDC) is a well-known feature of the 

multi-hole injector [7], and is therefore expected. The 

observed changes in the flash-boiling spray development 

with injection pressure in an SIDI engine, to the best of 

the authors’ knowledge, have yet to been presented or 

discussed by other major optical studies in literature. The 

present findings are nonetheless consistent with the 

general view that the flash-boiling spray development is 

affected by the closely coupled spray flow-field and 

vaporisation processes [3]. The increase in spray 

spreading angle with increasing injection pressure 

implies that higher injection pressure can be used to 

achieve more homogeneous in-cylinder fuel distribution 

of the flash-boiling sprays. 

4. Conclusion 

 

High-speed Mie-scattering imaging was performed 

in a fully-warmed optically accessible spark-ignition 

direction-injection (SIDI) engine. The extent of the 

structural transformation of flash-boiling spray with 

injection pressure is dependent on the superheated 

degree of the fuel and the magnitude of the injection 

pressure applied. High injection momentum overcomes 

the convergence of the flash-boiling sprays if the 

injection pressure is sufficiently high. The result is that 

the spray plumes maintain their directionality. This 

finding suggests a great benefit of high pressure injection 

and flash boiling sprays in achieving well-mixed charge 

within the engine cylinder. 
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Figure 4: Ethanol spray spreading angle as a function of injection 
pressure, at injection timings of 90 and 300oCA aTDC (In-

cylinder pressures of 100 and 400 kPa, respectively), at 5.76oCA 

aSOI. 
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Abstract 
Moderate or Intense Low oxygen Dilution (MILD) combustion offers improved thermal efficiency and a reduction of NOx 

pollutants and soot emissions compared to conventional combustion. Previously MILD combustion in the Jet in Hot Coflow (JHC) 

burner, using methane-based fuels, has been simulated with the Eddy Dissipation Concept (EDC) turbulence-chemistry interaction 

model. In this paper, the EDC model is used with a modified standard k-ε (SKE) turbulence model to simulate an ethylene-nitrogen 

flame in a hot, 9% O2 coflow. Modifications to the parameters used in the EDC model are investigated and a parametric study of Cτ 

and Cξ is undertaken. The combination of Cτ=3 and Cξ=1, modified from the default Cτ=0.4082 and Cξ=2.1377 used in the original 

model, shows better agreement with experimentally measured radial profiles than any previous implementation of the EDC model and 

replicates the visually lifted properties observed experimentally in this configuration which have not been modelled successfully in 

the past. 

 
Keywords: RANS, EDC, Eddy Dissipation Concept, Combustion, Jet in Hot Coflow, JHC, MILD Combustion 
 

1. Introduction 

 

Moderate or Intense Low oxygen Dilution (MILD) 

combustion is a particular combustion regime which 

offers improved thermal efficiency and reduction of 

nitrogen oxides pollutants and soot [1]. This facilitates 

lower fuel consumption and cleaner exhaust gases. 

MILD combustion is achieved by recirculating hot 

combustion products back into the flame front. The 

result is a distributed, homogeneous reaction zone, 

minimising peak flame temperatures and reducing 

pressure variations. Under these conditions, the 

Damköhler number (Da) is near unity in the reaction 

region [2], such that both chemical and turbulence time 

scales are important. 

A number of experimental studies into the 

mechanics of the MILD combustion regime have been 

performed by emulating hot, recirculated combustion 

products with the use of a secondary burner. Although 

for lifted flame studies rather than MILD combustion, 

the Vitiated Coflow Burner (VCB or, alternatively, the 

Cabra burner), features a central fuel jet emanating 

downstream of an unenclosed, concentric perforated 

plate burner [3]. Experimental data from 33%/67% 

CH4/air mol/mol and 25%/75% H2/N2 mol/mol fuel 

mixtures in a 15% O2 mol/mol coflow has been used 

for verification of numerous CFD models. These 

modelling efforts have utilised either Reynolds 

averaged Navier-Stokes (RANS) turbulence or large 

eddy simulations (LES) models and various chemistry-

turbulence interaction models to understand the flows 

in the limited number of fuel cases. 

The Jet in Hot Coflow (JHC) burner was 

developed independently of the VCB at the University 

of Adelaide specifically for achieving simplified MILD 

combustion conditions, and is described in [4]. The 

JHC features a 4.6mm diameter central jet, which is 

over 100 diameters long, ensuring fully-developed pipe 

flow. The jet issues into a 82mm diameter concentric 

coflow of combustion products from an upstream 

secondary burner and has been used to provide 

experimental data for numerous fuel and Reynolds 

number combinations [4-7]. Visually lifted flames have 

been observed in the JHC for ethylene (C2H4) based 

fuel streams with a jet Reynolds number of 10,000 in a 

9% mol/mol hot coflow [7]. Although the C2H4, 

C2H4/air and C2H4/N2 fuelled jet flames appear lifted 

under these conditions, reactions occur near the jet exit, 

with formaldehyde (CH2O) and hydroxyl radicals (OH) 

species having been measured. This burner also 

provided the basis for the Delft JHC burner (DJHC), 

which has been subject to independent experimental 

and computational research.  

Numerous efforts have been made to use RANS 

[8-11] and LES [12] models of the JHC and, to a lesser 

extent, the DJHC [13], focussing on fuel CH4/H2 cases. 

The findings of these studies have led to the recent 

modelling effort of the more complex C2H4-based fuel 

experiments [14]. This investigation found best 

agreement with the experimental results of [7] using the 

modified standard k- (SKE) turbulence model of [15]. 

This modification consists of adjusting the parameter 

C1ε from the FLUENT default value 1.44 to 1.6 to 

compensate for the cylindrical symmetry of the 2D 

computational domain [15]. The turbulence-chemistry 

interaction model found to be the most successful in 

[14], was a modified eddy dissipation concept (EDC) 

finite-rate reaction model with the parameter Cτ 

increased from 0.4082 to 3. The modification of Cτ was 

made in accordance with the findings of [8, 13], who 

found better agreement with higher values of Cτ 

compared to the default. The modified SKE and 

modified EDC model combination generally agreed 

well with the experimental data however, in most cases, 



 

- 349 - 

the temperature distributions modelled downstream of 

the jet were in excess of those measured [14]. This 

modified EDC model was unable to predict the 

apparent lift-off height for any fuel case. The particle 

density function (PDF) modelling approach of [14] 

was, however, in good agreement with this apparent 

lift-off phenomenon, especially in the C2H4/N2 fuel 

case.  

Previous attempts to model combustion in JHC 

burners have used experimentally measured inlet 

profiles [13], assumed constant velocity across the inlet 

[8, 14] or modelled the jet and coflow exit profiles [9, 

11]. Computationally modelled profiles used the 

internal dimensions of the JHC burner, in the absence 

of measured data. A previous set of simulations using 

CH4/H2 fuels in the JHC burner reported that the results 

of these models are insensitive to fuel boundary 

conditions. These flames did not, however, exhibit any 

lifted behaviour, in contrast to the C2H4/N2 flames 

measured in [7]. The sole previous study modelling the 

C2H4 flames made the assumption of constant velocity 

profiles, although did not investigate any sensitivity to 

inlet boundary conditions [14]. 

In light of the above gaps, the aim of this paper is 

to systematically determine an approach for improving 

the performance of CFD modelling to capture lifted jet 

flame behaviour in a heated coflow using the ANSYS 

FLUENT 14.0 software package. 

2. Model Development 

2.1 Geometry 
  

The computational domain for the JHC burner was 

chosen to be a two-dimensional rectangular region 

downstream of the jet plane exit. The geometry for this 

study was based on the computational domains of [10] 

and [14]. The 400mm (~85 jet diameters) downstream 

extent of this domain captures the entire MILD 

combustion regime, and sufficient flame length such 

that flame interaction with the domain exit will not 

influence the region of interest. The full length of the 

flame extends beyond the domain, however combustion 

in the downstream part of the flame is not in the MILD 

regime (because it is outside the potential core of the 

coflow) and thus not controlled. The computational 

domain was meshed with 53610 hex (quadrilateral) 

elements, following mesh independence studies for 

similar cases. 

2.2 Boundary Conditions  
 

The boundaries of the domain were a combination 

of walls, pressure outlets, velocity inlets and the axis of 

cylindrical symmetry through the centre of the coaxial 

jets. Pressure outlets specify the ambient surrounds to 

be simplified air, with 21% O2 and 79% N2 mol/mol, at 

zero gauge pressure and a temperature of 300K. 

Pressure outlets allow exchange between fluid in the 

domain and external air, conserving mass during 

simulations. The primary inlets in this domain are the 

fuel and coflow velocity inlets bounded by no-slip, 

adiabatic walls. The fuel stream enters the 

computational domain perpendicular to the velocity 

inlet boundary at 27.3m/s, 305K and zero gauge 

pressure was set to be 25% C2H4 and 75% mol/mol N2, 

and the 2.3m/s, 1100K coflow was taken as 9% O2, 3% 

CO2, 78% N2 and 10% H2O mol/mol  [7]. Inlet velocity 

profiles into the domain were assumed to take a 

uniform velocity, “top-hat” form across the inlets, with 

zero velocity at pipe walls. This was done for 

consistency with [14], numerical convergence speed [8] 

and a lack of information in the literature on the effects 

of inlet profiles on modelling C2H4/N2 in MILD 

combustion. 

2.3 The Standard k-ε Turbulence Model 
 

The soot-free nature of MILD combustion [1] 

implies that radiation heat exchange between the region 

near the jet exit plane and the downstream flame is very 

low. The virtual independence of radiation model on 

the region near the jet exit has been confirmed by 

previous studies [9, 10, 14], and hence the most basic 

‘P1’ radiation model was implemented to retain 

accuracy away from the jet at a minimal computational 

cost. 

The modified SKE turbulence model was chosen 

for this investigation, having been verified in both 

reacting [8-11, 15] and non-reacting (as a verification 

model and, previously, in [15]) flow cases. This model 

is modified from the standard model by changing the 

common default value of C1ε, in equations for scalar 

dissipation rate, from 1.44 to 1.6 for 2D axisymmetric 

flows [15]. This modified SKE turbulence model was 

hence used throughout this study. 

2.4 The Eddy Dissipation Concept 
 

The standard EDC chemistry-turbulence 

interaction model implemented in FLUENT 14.0, based 

on [16], and the modified EDC model of [14] were 

used for initial model parameters. The EDC model of 

[16] assumes the mean residence time, τ*, of species i 

in a fine structure with length fraction ξ* where: 

2
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where ν is the kinematic viscosity,  the turbulent 

dissipation rate and k the turbulent kinetic energy. 

These values are then used to calculate the mean 

reaction rate of i, Ri, as: 
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where ρ is the density of the fluid, and *
iY and Yi are the 

mass fractions of i in the fine structure and 

computational cell, respectively. It is readily seen from 
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(3) that Ri is simply inversely proportional to τ* and, 

hence, Cτ. Substituting (1) into (3) differentiating with 

respect to Cτ: 

τ

i

τ

i

C

R

C

R 





. (4) 

Equation (4) clearly shows that an increase in Cτ results 

in a direct decrease of Ri and, hence, an immediate 

reduction in Da in accordance with experimental 

observations of MILD combustion. The dependency of 

Ri on Cξ is, however, far more complicated. This is seen 

by substituting (2) into (3) and taking the partial 

derivative of Ri with respect to Cξ as shown in (5): 
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Equation (5) highlights the complex interplay and 

strong coupling between Ri, Cξ and the flow variables ν, 

 and k. Modification of the Cξ parameter therefore 

offers a more dynamic adjustment of Ri throughout the 

flow field, as opposed to the linear change due to Cτ. 

The modified EDC model of [14] globally 

decreased Ri by a factor of 7.35 compared to the 

standard EDC due to increasing Cτ from 0.4082 to 3. 

For subsequent models, the parameter Cξ was given the 

values 0.5, 0.75, 1, 1.5, 2.1377 (FLUENT default 

value) and 2.5, in combination with Cτ of 0.4082 and 3. 

This systematic approach allowed for the analysis of 

the effects of Cξ on the accuracy of the EDC model in 

the case of the C2H4/N2 jet in the JHC. 

3. Results and Discussion 

3.1 EDC Parametric Study  
Numerical solutions were obtained for different 

combination of the EDC parameters Cτ and Cξ using the 

ANSYS FLUENT 14.0 software package. The 

modelled flow fields were then simultaneously 

compared to radial profiles measured experimentally in 

[7], at a distance 35mm downstream of the jet exit 

plane. The plots, shown in Fig. 1, indicate the effects of 

changing the EDC parameters on the resulting 

temperature and species profiles. It is clear from the 

radial temperature profile in Fig. 1a) that the 

combination of Cτ=3 and Cξ=1 (pink dashed line) best 

match the experimental measurements for peak 

temperature location and magnitude. The available 

experimental data does not describe absolute 

concentrations of formaldehyde, and thus all curves 

were normalised to the concentration given by the 

combination of Cτ=3 and Cξ=1, having the best 

agreement in temperature distribution. These results in 

Fig. 1b) show good agreement between the 

experimental profile of formaldehyde and that predicted 

with Cτ=3 and Cξ=1, in both peak location and 

distribution beyond the peak. Similarly, Fig. 1c) shows 

good prediction of the OH peak location: although the 

magnitude of the peak is over-predicted by a factor of 

three, this in fact represents a significant improvement 

on the standard EDC model. None of the Cτ, Cξ 

combinations accurately captured the averaged OH 

distribution at the 35mm downstream location. It 

should be noted that the C2H4/N2 flame in 9% O2 

coflow appears visually lifted 34mm downstream of the 

jet exit [7]. Within this region between the base of the 

blue flame and the jet exit plane, however, is a reaction 

zone featuring both formaldehyde and hydroxyl species 

in ‘flameless’ combustion [7] which has not previously 

been accurately modelled using RANS simulations. To 

describe the visible blue flame, characteristic of excited 

CH radicals [17], the visible flame was defined by the 

presence of CH in post-processing.  

The computational results using each combination 

of Cτ and Cξ were investigated for comparison with 

these experimental measurements of visual lift-off 

height. Of these cases, only the combinations of Cτ=3 

and Cξ=1, which showed the best agreement with 

profiles in Fig. 1, and Cτ=0.4082 and Cξ=1.5 (solid 

black line) exhibited apparent lift-off with a reaction 

region below the CH-defined, visible flame base. The 

Cτ=0.4082 and Cξ=1.5 combination, however, 

significantly over-predicted the peak temperature and 

did not accurately model the radial peak location of 

either formaldehyde or hydroxyl species. The contours 

presented in Fig. 2 present the differences between the 

default 

 
Fig. 1. Mean radial profiles of a) temperature (units K), b) normalised CH2O concentration and c) OH number density 

(units 10
16

/cm
3
) from a parametric EDC study results 35mm downstream of the jet exit plane for a C2H4/N2 flame in a 

9% O2 coflow compared to experimental results [7]. 
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Fig. 2. Mean number densities (in m-3) of CH (left set of contours) 
and OH (right set of contours) species near the jet exit, with a 

logarithmic scale spanning three and four decades respectively, 

alongside flame photographs [7]. Modelled using the EDC 

combustion model with default EDC parameters (left contours) and 

Cτ = 3 and Cξ = 1 (right contours) for C2H4/N2 fuel in a 9% O2 
coflow. 

 

FLUENT EDC parameters, Cτ=0.4082 and Cξ=2.1377, 

and the combination of Cτ=3 and Cξ=1. This figure 

clearly shows the good agreement between the CH 

profile computed using Cτ=3 and Cξ=1 and the optical 

measurement of apparent lift-off. Reactions are also 

evident below the visible flame base with low 

concentration of OH being produced, consistent with 

experimental measurements [7]. 

A previous modelling effort of the JHC justifies 

the modification of Cτ (inversely proportional to Ri 

from (1) and (3)) by stating that the homogeneity of the 

MILD reaction region invalidates the assumption that 

species do not react beyond the confines of fine 

structures, and that increasing residence times (through 

an increase in Cτ) acts to compensate for this [8]. 

Conceptually, decreasing the Cξ parameter decreases 

the size of the fine structure reactions zones in the fluid 

model. Numerically, however, the fine structure 

volume fraction, ξ*
3
, is inherently limited as it must be 

contained within a control volume, but is not a function 

of any variables specific to cell size. To ensure this, the 

fine structure volume fraction is limited to 0.755 of the 

cell volume by ANSYS FLUENT 14.0 as seen in Fig. 

3. This represents a flaw in the EDC model of [16] in 

simulating flames for ν ~ k
2
 where the volume fraction 

is close to, or exceeds, one. This deficiency strengthens 

the argument of [8] that the analysis of fine structures 

in MILD jet flames using the same approach for 

conventional flames may be inappropriate. 

The accuracy of simulations modelled with smaller 

interaction regions between species in the JHC, may be 

explained by viscous shear effects between the high Re 

jet and slow coflow streams limiting the interaction 

regions between the fuel and oxidiser. These limited 

interactions, combined with the low Da associated with 

the MILD combustion, could also justify longer time 

scales for fluid species encapsulated within these 

smaller fine structures. These attributes of the JHC may 

therefore explain the increased accuracy of the EDC 

model with the modifications of changing Cτ=0.4082 

and Cξ=2.1377 to Cτ=3 and Cξ=1. 

4. Conclusions 

This paper has presented RANS CFD results of a 

lifted C2H4/N2 jet flame issuing into a 9% O2 and 

1100K coflow. The modification of the EDC model 

parameters Cτ and Cξ from their default Cτ=0.4082 and 

Cξ=2.1377 to Cτ=3 and Cξ=1 results in better agreement 

between simulated and experimental results of OH, 

CH2O and temperature profiles 35mm downstream of 

the fuel jet exit plane. Additionally, this combination of 

parameters predicts the visual lift-off, flameless 

combustion region which has been reported 

experimentally, but not successfully modelled in the 

past. 
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Abstract 

The height of a flame is a significant indicator of the hazard posed by the flame. Flame height directly relates to the flame heat 

transfer and the tendency of the flame to impact on surrounding objects. In this study flame tip flicker height, in diffusion conical 

shape, has been investigated using a coupled experimental and numerical approach. The flame height of iso-propanol over porous 

solid bed of sand particles, with base diameter of 175 mm, was determined by video cinematography and image processing 

technique. The experimental results showed that the relative maximum flame height for fully developed flame was obtained in a 

range of 300 to 330 mm. In addition, to predict the flame height a set of numerical equations and also FDS (Fire Dynamic 

Simulation) and SMV (Smoke View) programs were used. Results obtained from the numerical calculation and simulation 

indicates under stoichiometric condition the flame height for fully developed flame is approximately 300 mm. The temperature 

distribution profile was also measured and predicted experimentally and numerically. 

Key words: Flame height, Flame spread, Temperature distribution, Image averaging. 

 

Introduction 

Diffusion flames are major elements in 

development of many unwanted fires. Predicting the 

height of the flame above a burning object enables a 

fire engineer to calculate the temperature of the flame 

at various points above the fire and also the heat 

which is transferred from the flame to the adjacent 

objects. Since the dominant mode of heat transfer 

from the flame pillars to the adjacent objects is 

radiation [1], therefore, a quantitative determination 

of the size and shape of the flame in order to specify 

the thermal radiation field surrounding a fire is 

necessary [2]. 

Flame height is defined by the experimentalists as 

the average position of the luminous flame. It is not 

directly linked with a quantitative value of a physical 

parameter. Nevertheless, the definition of the average 

position is one that varies with the experiment. For 

upward flame spread, most flame height 

measurements have been performed by using an eye 

averaging technique. In this technique the flame tip 

location does not represent a systematic and 

reproducible procedure [3]. Although these methods 

depend on the establishment of luminous intensity 

thresholds, however, digital images have allowed the 

development of methods that systematically 

addresses this issue.. In a study by Heskestad [4], he 

found that the flame height slightly is affected by 

ambient temperature. Based on McCaffrey’s [5] work 

a higher ambient temperature will generally results in 

a higher flame height than predicted flame height, 

while a lower ambient temperature results in a lower 

flame height. However, the ambient effect is mainly 

observed when the ambient temperature fluctuation is 

approximately 40-50 °C above or below the normal 

experimental conditions.  

There are many studies which have been 

performed to measure the flame height and 

oscillatory for pool and solid fuel. However, despite 

the importance of flame height, oscillatory and 

radiated heat transfer from the flame to adjacent 

object, there is not much study in open literature in 

fire accidents caused by fuel spillage over porous 

solids (e.g. sand, concrete, etc). To address this short 

coming a comprehensive study has been conducted at 

the University of Newcastle (Australia) [6-9]. The 

current paper is just a part of that research. The aim 

of this study is to determine the height and 

temperature distribution profiles for accidental fires 

occur over porous solid soaked with liquid fuel.  In 

order to achieve the broad objectives of the study a 

comprehensive series of combined experimental and 

numerical investigations were carried out. 

Experimental set up and procedure 

A series of laboratory scale experiments were 

performed using the experimental setup shown 

schematically in Figure 1. A stainless steel vessel was 

designed to mimic the flame spread and combustion 

over a porous bed under controlled laboratory 

conditions. The 175 mm equivalent in diameter (i.e. 

500×080×40 mm) vessel was mounted on a support 

frame. The external surfaces of the vessel were 

covered with a 5 mm thick insulating material 
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(calcium silicate sheet) to prevent heat losses. In 

order to measure the temperature an array of type K 

(Ni/Cr – Ni/Al, -200 – 1370˚C) thermocouples was 

fitted inside and above the surface of porous bed at 

the heights of 30, 60, 90, 120, and 180 mm, 

respectively. The vessel was filled with sand particle 

diameter of 0.5 mm (ρ=2680 kg/m
3
) as the porous 

bed. To minimise the impact of ambient temperature 

on the thermocouple reading, the laboratory 

temperature was kept almost at 25˚C during the 

experimental campaign. A finite quantity of the 

liquid fuel iso-propanol was distributed uniformly 

and timely by a custom made fuel distributor. The 

flame height was digitally determined via 

cinematography and image processing techniques. 

 

 
Figure 1: Experimental apparatus. 

 

Methodology and Techniques 

To determine the flame properties such as height 

and temperature we applied a combination of 

experimental, analytical, and numerical model using 

FDS and SMV programs. The flame properties were 

examined for the fully developed flame. Although it 

would be slightly simpler to determine the height of a 

flame from one image, however, this may result in 

any reflective surfaces being misinterpreted as the 

information on the image. Thereby, it cannot be used 

as proper indicator for the flame height estimation. 

To minimise this problem we applied image 

averaging technique described by Manson [10]. In 

this technique instead of using single frame of the 

video footage, an average 2-D field of average 

probabilities of flame position can be obtained by 

‘averaging’ several seconds of threshold images (Fig. 

2). Prior image averaging each individual frame is 

threshold into regions containing the flame, and 

regions not containing the flame. Thereby, for each 

individual frame there are only two levels of flame 

probability 0% or 100%. In the present study a 

program called “Roborealm” was used for image 

averaging. 

 

 
Figure 2: Flame averaged images using image 

averaging technique. 

Results and Discussion 

In addition to image processing technique, the 

flame height was estimated by applying some 

empirical correlations based on fire heat release rate. 

There are numbers of these correlations developed by 

fire investigators such as Thomas [11], Zukoski [12] 

and Heskestad [13]. To calculate the flame height 

based on these correlations the heat release rate of the 

fire, Q , and flame base diameter ( D ) need to be 

known. Table 1 indicates the required parameters for 

calculation. 

Table 1: Parameters used to calculate the relative flame height over 

fuel soaked bed by using Equations (1-7) and FDS program. 

Properties Value Units Eq. 

Fuel spillage area (A) 0.024 m2 1 

Fuel spillage diameter (D) 0.175 m 2 

Fuel density (ρ) 786 kg/m3 * 

Fuel burning rate ( ̇) 0.0002 kg/s 
experi

ment 

Fuel mass flux (  ) 0.0084 kg/s.m2 3 

Heat of combustion of fuel (   ) 30500 kj/kg * 

Ambient air temperature (  ) 25 °C * 

Ambient air density (    ) 1.18 kg/m3 * 

Gravitational Acceleration (g) 9.81 m/s2 * 

  (   ) 6.1 kw 4 

   (      ) 254 Kw/m2 5 

*Database 

In this section the flame height is estimated by using 

two different empirical methods proposed by 

Heskestad (6) [13] and Thomas (7) [11]. The spillage 

fuel area and its diameter are calculated by using (1 

and 2). 

zyxA ..     (1) 
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The fuel mass flux is calculated by using (3). The 

fuel burning mass in this equation obtained from the 

experimental study. Therefore, the mass flux ( "m ) is 

estimated to be 0.00833 (kg/m
-2

s
-1

). 

 

A

m
m


"

    (3) 

The heat release rate for this 175 mm diameter fuel 

soaked bed fire can be estimated using (4). 

 

chmQ       (4) 

 

Then the heat flux ( Q  ) is calculated by using (5).

Q   is therefore calculated to be 254 kW/m
2
. 
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DQH 02.1235.0 4.0    (7) 

 

By replacing the obtained values from Table 1 

and (1-5) in to the (6 and 7) a value of 305-310 mm 

was obtained for the flame height. Figure 3 shows the 

flame heights obtained from the numerical and 

experimental procedures. 

 
Figure 3: Flame height determination by applying 

various methods. 

 

As shown, both Thomas and Heskestad methods 

estimate approximately equal height for the given 

flame example. The experimental and predicted 

results also show a value of approximately 330 mm 

for the flame height which is very close to the values 

obtained from (6 and 7). 

 
Figure 4: Predicted flame height by FDS and SMV 

for fully developed fire. 

 

Figures 4 and 5 show the predicted and measured 

flame height, respectively. As observed, in both cases 

the flame has a conical shape with a height of 

approximately 300-330 mm. The validity of predicted 

flame height can be verified by results obtained 

experimentally (Fig. 5). Comparison of these two 

figures exhibits that the predicted results agree well 

with the experimental results.  

 

Figure 5: Experimental flame height image for fully 

developed fire. 

 

Figure 6 shows the flame temperature distribution 

profile over a porous solid bed soaked with liquid 

fuel. This figure displays that the maximum flame 

temperature above the bed is approximately 500 ºC 

which is mainly located at the centre of the flame. 

The combustion process continues at this rate as long 

as fuel is supplied. It was observed that by decreasing 

the fuel level in the bed the flame gradually 

diminishes till occurrence of spontaneous extinction. 
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Figure 6: Predicted profile of temperature distribution 

over fuel soaked porous bed obtained from FDS and 

SMV programs. 

 

Figure 6 shows the temperature distribution 

profile above the bed determined by thermocouples. 

It shows the temperature increases gradually and 

reaches nearly 450 ºC for the fully developed flame. 

The temperature then gradually decreases and the 

flame shrinks as fuel supply decreases. This figure 

fairly validates the temperature distribution profiles 

predicted by FDS and SMV programs. 

 

 

Figure 7: Temperature distribution profile over fuel 

soaked porous bed acquired from thermocouple grid. 

 

Conclusions  

In this study the flame height and temperature 

distribution over a solid porous bed soaked with 

flammable liquid was examined experimentally and 

theoretically. 

The experimental results showed that the relative 

maximum flame height is in an average range of 300 

to 330 mm. Flame height correlations resulted from 

the set of numerical equations and experimental 

investigation (time-averaged technique) found to be 

very similar. It was observed that under 

stoichiometric condition FDS and SMV programs 

can predict the flame height as well as temperature 

distribution profiles comparable to the experimental 

practices. Therefore, the FDS program is considered 

to be a reliable means to predict the flame properties. 
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Abstract 
A new model incorporating the Multiple Mapping Conditioning (MMC) mixing model in a Partially Stirred Reactor (PaSR) is 

presented, with potential applicability in Probability Density Function (PDF) simulations for turbulent premixed flames. The use of a 

PaSR in the context of PDF methods eliminates the complexity of coupling chemical kinetics with fluid dynamics. Simulations are 

reduced to a chemical source term and a turbulent mixing term applied on an ensemble of notional particles. Particle mixing in the 

MMC-PaSR is conditioned on a Markovian reference variable, enforcing flamelet-like conditions on the mixing operator.  Qualitative 

similarity is demonstrated between MMC-PaSR model parameters and the Karlovitz number limits for extinction (derived from the 

work of Bradley et al.) in the flamelet regime for premixed flames. Further investigations are required to determine a match between 

MMC and model parameters, and physical parameters. 

Keywords: Premixed Combustion, PDF Methods, Extinction, MMC, PaSR 
 

 

1. Introduction 

Probability Density Function (PDF) methods [1] are 

derived without restrictions on the combustion regime 

and have closed chemical source terms, although the 

scalar dissipation term remains unclosed. Compared to 

simulations of nonpremixed flames, PDF methods are 

less frequently applied to the regime of thin premixed 

flame sheets [2]. Their application in premixed flows has 

been disputed [3] for high Damkӧhler number flows on 

the basis of the existence of flamelet regimes. As a 

number of conventional mixing models in premixed 

flows allow mixing across the reaction zone without 

burning (which does not occur in the classical flamelet 

limit), our focus is directed toward using the Multiple 

Mapping Conditioning (MMC) [4] mixing model which 

can enforce flamelet-like conditions on the mixing 

operator and improve control of mixing between 

unburned and burned quantities.  

Pope and Anand [5] first study a high Da idealised 

premixed flame and show that turbulent mixing controls 

the mean reaction rate and flame speed scales with 

turbulence quantities. Premixed RANS-PDF simulations 

require the modification to the micro-mixing model at 

smaller scales and the resolution of steep gradients of 

reactive scalar fields. [6][7], although LES-PDF 

methodologies which use conventional closures derived 

from non-premixed combustion appear to produce better 

results [8][9]. More recently, Klimenko and Pope [10] 

replace the conventional (and conservative) mixing 

model with competitive mixing to simulate the 

‘invasion’ conditions in turbulent premixed flames under 

the flamelet regime and demonstrate consistency with 

existing experimental evidence for propagation speeds of 

turbulent premixed flames. 

A novel approach is taken here, through the 

application of a model which enforces flamelet-like 

conditions on a continuum, allowing the correlation 

between some model and physical parameters (e.g. 

Karlovitz and Damköhler numbers) and predicting 

blowoff and quench. Blowoff occurs when a flame 

detaches from its anchor point at the inlet and is flushed 

out of the combustor. It is often referred to as the static 

stability limit of the combustor and occurs when mean 

incoming fuel velocity exceeds the turbulent propagation 

speed. With respect to fuel flexibility, prediction of 

blowoff is a significant issue in premixed combustors as 

chemical kinetic rates and flame propagation speeds vary 

widely with fuel composition [11]. Flame quench occurs 

when a flame front is externally perturbed by heat losses 

or aerodynamic stretch by vortices which are sufficiently 

strong to decrease the reaction rate through the flame 

front to a negligible value [12]. In some cases the 

combustion process is completely suppressed, leading to 

global extinction. 

To avoid issues related to coupling complex 

chemical kinetics with turbulent mixing in a non-

homogeneous flow field, a stirred turbulent reactor – 

which assumes statistically homogeneous isotropic 

turbulence – is applied. Such a reactor is modelled as a 

Partially Stirred Reactor (PaSR), where the simulation is 

reduced to a chemical source term and a turbulent 

mixing term. 

Levenspiel and Spielman present an example of a 

stirred tank reactor which incorporates mixing, flow-

through and reaction [13]. The increase in computational 

power over subsequent decades enabled the application 

of a PaSR for premixed methane combustion to study the 

effect of mixing frequency on composition and 

temperature [14]. In an extension of this study, the PaSR 

is shown to span the limits between a Perfectly Stirred 

Reactor (PSR) and Plug Flow Reactor (PFR) [15]. NO 

formation for non-premixed hydrogen combustion is 

evaluated using reduced and detailed chemistry 
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mechanisms, and sensitivity of results on mixing models 

is noted [16].  

The work of Correa [14][15] and Chen [16] 

established the PaSR as a tool for analysis of turbulence-

chemistry interactions and to provide a test bed of 

chemical or mixing schemes for use in PDF method-

based models. The composition in the PaSR is 

represented by an ensemble of fluid elements or particles 

whose governing equations can be obtained from the 

velocity-composition PDF equation in the limit of 

spatially homogeneous flow. Unlike the PSR model, the 

PaSR is a Monte Carlo method that allows for influences 

of finite-rate mixing and subsequently provides a more 

realistic and demanding test of reduced chemical 

mechanisms. 

Using the PaSR-PDF model developed by Correa 

and Chen as a basis, Cannon et al. apply three reduced 

mechanisms to investigate performance in the prediction 

of CO and NO in premixed turbulent combustion of 

methane and air for use in conjunction with the In Situ 

Adaptive Tabulation (ISAT) method [17]. The PaSR was 

used to study the coupling effect of chemistry and 

mixing for detailed and reduced chemical kinetics, and a 

projection scheme was introduced for mixing models to 

be used with the Intrinsic Low Dimensional Manifold 

(ILDM) method [18].  

Here, a PaSR is used in conjunction with 

conventional MMC. Since the basic MMC framework 

was first proposed [19] a number of specific MMC 

models have been developed and tested for turbulent 

non-premixed combustion [20][21][22]. The feature 

common to formulations of MMC is the use of reference 

variables which are related to the physical quantities in 

turbulent combustion. These fields include (but are not 

limited to) mixture fraction, sensible enthalpy, velocity 

and scalar dissipation. Determining the suitable reference 

field(s) for a given combustor configurations – and 

extension into the premixed regime – is not a trivial 

matter. Here the ability of an MMC-PaSR to simulate 

extinction conditions in the flamelets regime for 

turbulent premixed combustion is demonstrated using an 

age-like reference variable.  

The remainder of this paper is organized as follows. 

An overview of the governing equations of the MMC-

PaSR and modifications for including a reference 

variable are presented in Section 2. In Section 3, a 

regime diagram illustrates the relationship between the 

Karlovitz number – a critical parameter for premixed 

flames – and physical parameters extinction and stability 

based on the Bradley Lau Lawes dataset [23]. Results 

which qualitatively demonstrate the link between the 

numerical and physical parameters in Sections 2 and 3 

respectively are shown in Section 4. In Section 5 

directions of future work are discussed. 

2. Principles and Governing Equations of 
MMC-PaSR Model 

The PaSR is modelled stochastically by an ensemble 

of N notional particles which represent a discretised 

PDF. In general, any set of reaction and mixing model 

can be implemented for the particles. In this MMC-

PaSR, it is possible to tune mixing based on one or 

multiple reference variables, control the number and 

location of fuel or oxidizer injection points, the degree of 

premixing and particle replacement criteria. 

Particles are initialised as fully reacted (ϕ = 1) with 

a random uniform distribution of the reference variable ξ 

[0, Lchar], where Lchar is a characteristic length of the 

combustor or reaction zone. A time marching scheme 

with a size of Δt is used in solving equations (1) – (7) 

which follow. A residence time is introduced in order to 

control the through-flow process  

res
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t
NN



  (1) 

When particles are removed from the reactor, the 

reference variable ξ and ϕ which represents the 

completeness of combustion (with 0 being unburned and 

1 being fully burned) of incoming particles are reset to 

zero.  

In the MMC-PaSR, a single scalar (ϕ) which 

represents the completeness of combustion (with 0 being 

unburned and 1 being fully burned) evolves due to 

reaction (R) and mixing operator (M) (which is 

conditioned on the reference variable ξ) according to 

eqn. 2 
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Particles mix based on a conditioned Modified Curl 

mixing model [24]. In the Modified Curl model, the 

mixing extent α is a uniformly distributed random value 

between zero and one. Nmix particles are selected for 

mixing with a mean mixing extent of α such that  
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and the modified scalars of particles are governed by 
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The unconditional dissipation time is given by  
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(5) 

where ‹γ› = 2‹α› – ‹α›
2
.  

The involvement of MMC emerges from the 

selection of particles i and j, denoted in equation (4). As 

MMC affects only the selection of particles while the 

mixing operator remains standard, we refer to the mixing 

model as MMC-Curl. At every time step, ξ is 

incremented according to the Markov process 
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ii dWUdtd    (6) 

where U ~ Lchar/τres controls the scaling of the reference 

variable via particle age, the second term on the right 

hand side in (6) is a standard Wiener process and λ is a 

conditioning parameter which controls localisation. 

Lambda can be linked to diffusion as D = λ
2
/2. Setting λ 

to zero effectively switches off the Wiener process, and 

results in complete localisation i.e. particles i and j 

which are the closest in reference variable space mix. An 

increase of λ would reduce mixing localisation and 

conditioning from the particles.  

The introduction of λ demonstrates how the PaSR 

conceptually spans a PFR and a PSR. The PaSR can be 

seen as a PFR if localisation is completely enforced, but 

tends toward a PSR if λ is increased. For extremely high 

λ, stirring becomes unrestrained and the PaSR 

approaches the limit of fast mixing which is 

characteristic to a PSR. Extinctions are likely at this 

extreme, as shown in Section 5. 

Reactions are evaluated independently using a one-

step irreversible equation, 

)(11)Z]-exp[(AR ii  )(  (7) 

where A is the pre-exponential factor and Z is the 

Zel’dovich constant. The use of the one-step equation at 

this stage of extending the applications of MMC is 

methodologically and computationally beneficial; the 

equation mirrors the rise of temperature and 

concentrations of some products, allows clarity on the 

interaction between mixing and reaction and removes the 

expense of reaction kinetics. A and Z can be selected so 

that the characteristic reaction time τchem is 

commensurate with the scale of a realistic reaction. 

3. Derivation of Extinction Limits 

The experimental data on turbulent premixed flames 

by Bradley, Lau and Lawes (BLL) [23] consist of over 

1500 experimental points and represent a realistic 

dependence of turbulent burning velocity on two 

dimensionless parameters, KaLe and Re/Le
2
, where Ka is 

the Karlovitz stretch factor and Le is the Lewis number.   

The BLL data indicates that the very fast and fast 

flames regimes where Ka < 6 corresponds to the flamelet 

regime. Most theories on turbulent combustion involve 

the laminar flamelet assumption, which postulates a 

turbulent flame as an array of wrinkled laminar flames. 

Beyond Ka of 6, the regime shifts into the distributed 

zone where quenching is likely. The existence of an 

asymptote in the very fast flames region where Ka ≤ 1 is 

noted by Bradley et al. [25]. Klimenko [26] developsa 

theory by transforming the coordinates of the BLL data 

and derives the following approximation  

7/4
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where sT and sL are the turbulent and laminar flame 

speeds respectively, u’ represents turbulent fluctuations 

and uK is the Kolmogorov velocity. This formulation 

assumes a Lewis number of unity. The application of 

blowoff criteria, defined as the point at which mean flow 

velocity U exceeds sT and the introduction of the 

parameter β = u’/U produces an approximate 

relationship between the Karlovitz number and the 

macro scale fluctuations for very fast flames  

  2/7
3.1 Ka  (9) 

Although Williams [27] notes an additional 

approximation for fast flames region where 1 < Ka < 6, 

we extend (9) for the fast flames zone as a first  

 

Fig. 1: Plot of stable and extinct zones for Ka versus β 

 

approximation. Figure 1 is generated based on (9) and 

the quench limit. 

4. Results and Discussion 

MMC-PaSR simulations are run for 1024 particles 

with τchem. of 1e-5 seconds. Mixing frequencies ranging 

between 1e-5 and 1e-3 seconds, and values of λ ranging 

between 0 and 0.125 ms
-1/2 

are selected. The same 

Modified Curl mixing scheme is applied to all 

simulations, where 90 percent of particles are mixed to 

an average mixing extent αm = 0.2.  

As noted in [14][15][16], residence time is most 

influential in determining whether reactions persist or are 

extinguished. The conditioning parameter λ is found to 

determine PaSR stability. For small λ, blowoff is the 

dominant mode of extinction. It is important to note that 

unconditioned models did not allow the prediction of 

blowoff.  

Simulations are run for a duration of five residence 

times and outcomes are categorized as blown-off, stable 

or quenched. Figure 3 shows the progression of blowoff, 

stable combustion and quenching.  

 

Quench 

Blowoff Stable 

Combustion 
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Fig. 2: Completeness of combustion versus position of 

particle in combustor. From left to right, the progression 

of blowoff (top row), stable combustion (middle row) 

and quench (bottom row) is illustrated. 

 

 
Fig. 3: Ratio of dissipation time to chemical time versus 

λ for a residence time of 0.01 seconds. 

 

Figure 3 shows the outcomes of simulations plotted for a 

timescale ratio and several values of λ. By comparing 

figures 1 and 3, there appears to be a qualitative 

congruency between the definition of β = (u’/U) and λ 

(conditioning or diffusion scaling). Ka appears to be 

scalable with the ratio of chemical timescale to mixing 

time. Lambda, which currently remains a free parameter 

and permits the prediction of blowoff, should be scaled 

in accordance with the residence time or characteristic 

dimension. This demonstrates the existence of a 

correspondence between physical and numerical 

parameters consistent with extinction behaviour.  

5. Conclusions  

The MMC-PaSR is a model which has introduced 

localisation of mixing and demonstrated a qualitative 

match with a set of extinction conditions. The 

introduction of the reference variable emulates 

conditions in thin reaction zones and allows for better 

control over mixing. Tightening of the localisation-

diffusion parameter λ allows the MMC-PaSR to span the 

continuum between a plug flow and perfectly stirred 

reactors. The MMC-PaSR can be used to simulate 

premixed and non-premixed combustion. In addition to 

scaling numerical to physical parameters, future work 

will be directed towards the inclusion of more complex 

kinetics to predict temperature and species emissions.  
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Abstract 

  In the process of pulverized coal combustion, the volatiles released by pyrolysis and the primary product of char combustion 

(CO) may burn further in the boundary layer of the coal particle, which may play an important role to the heat balance of the particle, 

and then the reaction condition. These microscopic phenomena may also be disturbed by the semi-macroscopic or meso-scale 

turbulence in the main gas-stream. In this paper, a primary cross-scale modeling method for the multiphase combustion in a turbulent 

pulverized coal flame was proposed, in which the interactions between the homogenous reactions taking place in the stagnant 

boundary layer of the coal particle and the turbulent eddies in the mainstream of the flame were considered through a binary Monte-

Carlo approach. The proposed cross-scale method was preliminarily demonstrated in the numerical simulation of a pulverized coal 

swirling flame. 
 

Keywords: Pulverized-coal combustion, Boundary layer reaction, Turbulent eddy, Cross-scale modeling, Monte-Carlo 
approach. 
 

 

1. Introduction 

It is well known that ignition and burn-out of the 

volatile released by pyrolysis is the most important and 

crucial physicochemical process at the initial stage of 

pulverized coal combustion. The volatile burns in the 

region around the coal particle closely or some distance 

away, and the energy released may feed back to the 

particle and enhance the particle heating extremely [1]. 

However, the substantial effect of volatile combustion is 

frequently ignored in the present simulation of a 

pulverized coal flame. Instead, it is usually assumed that 

the volatile from coal particle enters the main steam as a 

source term into the species conservation equation, and 

burns out with prediction by a certain kind of turbulent 

combustion model. 

On the other hand, during the process of char 

combustion, the primary product of surface C-O2 and C-

CO2 reactions, CO, may also burn further within the 

particle boundary layer, which could increase the particle 

temperature by several hundred Kelvin [2]. However, 

this phenomenon is not predicted by the popularly used 

single-film model, which was firstly proposed by Nusselt 

[3] then further developed and used till now, since the 

model completely neglects all the homogenous reactions 

in the boundary layer of the coal particle. 

Theoretically, the influence of homogenous 

reactions in the particle boundary layer can be accurately 

predicted by the continuous-film model, which solves 

the transport and energy conservation equations in the 

region of particle boundary layer, considering both the 

surface reactions of C-O2 and C-CO2, and the volumetric 

oxidations of volatiles and CO. Musarra et al [4] 

numerically simulated the processes that occur in the 

particle boundary layer during de-volatilization and 

volatile combustion. Makino et al [5, 6] developed a 

semi-analytical and semi-numerical method to analyze 

the effect of CO oxidation on char combustion. Yu et al 

[7] simulated the combustion process of a single coal 

particle and indicated that the volatile flame would 

induce the ignition of CO, which well expounded the 

physical essence of the joint hetero-homogeneous 

ignition mode of coal particles [8]. These models are 

very instructive for understanding the mechanism of coal 

combustion, but not suitable for engineering applications 

due to its complexity and difficulty to couple with more 

comprehensive computing codes. 

Therefore, some simplified models have been put 

forward recently, which are simple enough for practical 

application, yet get hold of the physical essences of these 

processes mentioned above. Some of these models are, 

for example, the moving flame front (MFF) model of 

char combustion [9-11], the MFF-VC model for volatile 

combustion [12], and the diffusion limited volatile 

combustion model [13]. In these models, the dispersive 

influences of the homogeneous reactions in the boundary 

layer on the mass and heat transfer are approximately 

treated as the effects of an infinitesimally thin flame 

sheet (or front) somewhere close to the flame center. 

These simplified models have been proved to be 

reasonable and credible to reproduce the main features 

obtained by the rigid continuous-film model. 

Nevertheless, these models can only be used in the 

stagnant environment without considerations of flow and 

turbulence. Hence, there is an urgent task to develop a 

proper method for these models to be applicable in 

turbulent flows. 

In this paper, a primary cross-scale modeling method 

considering the interactions between the homogenous 

reactions taking place in the stagnant boundary layer of 

the coal particle and the turbulent eddies in the main gas-

stream will be discussed, and then demonstrated 

preliminarily in the numerical simulation of a pulverized 

coal swirling flame. 
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2. Theoretical consideration and 
mathematical description  

In large-scale coal-fired furnaces and boilers, the 

coal is usually pulverized into very fine particles before 

injecting into the combustion chamber. These particles 

flow at nearly the same velocity of the gas, leading to the 

particle Reynolds number (Rep) based on the “averaged” 

slip velocity to be in the order of 0.1. That the flow in 

the boundary layer of a burning coal particle keeps in the 

laminar or quasi-stagnant state is usually accepted for 

most practical cases [4]. That provides a possibility for 

us to treat the interactions between the homogenous 

reactions in the “laminar or quasi-stagnant” boundary 

layer and the turbulent eddies in the following ways. 
In an extreme condition of pulverized coal 

combustion with very weak turbulence, the boundary 

layer is really laminar and close to stagnant. Thus, the 

simplified flame-sheet models, namely the MFF-VC 

model and the MFF model, can be adequately used to 

describe the process of volatile and char combustion in 

the boundary layer. In the other extreme condition with 

extremely strong turbulence, the particle boundary layer 

will no longer be laminar or quasi-stagnant, if the true 

relative velocity of gas and particle is considered. That 

means the “stagnant” boundary layer expected will be 

completely destroyed by the turbulent eddies, which 

leads to no gas reactions taking place in the particle 

boundary layer at all. Then, the single-film model can be 

applied. In between, the actual situations, considering 

both the volumetric reactions adjacent to the particle and 

the influence of turbulent eddies, could only be predicted 

in some cross-scale manners. For the purpose of 

engineering application, a primary cross-scale modeling 

method was then proposed by the authors as follows. 

In the MFF-VC and MFF models, the radius of 

flame front (b) is the most important indexing parameter, 

which depicts the location of infinitely thin volatile or 

CO flames, and determines the heat flux being fed-back 

to the particle surface. From the continuous film model 

prediction, the profile of the real flame for a burning 

char particle is somewhat symmetrical to the center of 

the flame as shown in Fig.1.  

a b r

T

Y CO2

Y CO

Y O2

o

b

df/2

 
Fig.1 A schematic diagram of CO reaction in the stagnant 

boundary layer of a burning char particle 
 

Then, two times the diameter of flame front ball 

(2b) was temporarily chosen to represent the extending 

range of the gas reactions around the particle, named as 

“the range scale of reaction” or “the reaction ball 

diameter”.  

f 2 2 4d b b                                  (1) 

On the other hand, turbulence is a special order-less 

flow consisting lots of eddies with different sizes. 

Nevertheless, the turbulent characteristics of a gas-

stream could be evaluated, and statistically applied in the 

semi-macroscopic or meso-scale calculations. In the k-ε 

turbulence model, “the characteristic scale of eddy” is 

defined to scale the average diameter of eddies. [14]  
0.75 1.5

e μ /d C k                                       (2) 

Where k is the turbulent kinetic energy, ε is the rate of 

turbulence dissipation, and 
μ 0.09C  is a model constant.  

By comparing “the range scale of reaction” with 

“the characteristic scale of eddy”, two limiting 

conditions can be distinguished: (1) When
f ed d , the 

range scale of reaction is so small that allows the whole 

reaction ball to move inside the turbulent eddy as a rigid-

body. Thus, the gas reactions taking place in the stagnant 

boundary layer of the particle will not be disturbed a bit 

by the turbulence. Then, the MFF-VC and MFF model 

can be used without any worries about, while products of 

CO2 and H2O are assumed to release into the turbulent 

gas stream. (2) When
f ed d , the situation is totally 

opposite. The stagnant boundary layer will be destroyed 

completely by the relatively rigid eddies, which leads to 

the volatiles or CO entering the main gas stream without 

any oxidations in the particle boundary layer. This is 

corresponding to the reaction-frozen mode, described by 

the customary-used single-film model. 

 The most majority cases would range between the 

two limiting conditions. A normalized coefficient (  ) 

related with the scale ratio of de/df was introduce by the 

authors to describe the possibility, that the reaction 

boundary layer would be destroyed by the turbulent 

eddies.  

e

f

1/(1 )
d

k
d

                                         (3) 

The ranges of   are [0，1]. 1  , corresponding 

to the case of
f ed d , is defined to complete 

destruction of the stagnant reaction boundary layer. 

0  , corresponding to the case of
f ed d , is defined 

to full conservation of the stagnant boundary layer with 

volumetric reactions.  

The real situation of a burning coal particle will be 

in-between of the two limiting conditions, and the 

inference of turbulence on the chemical reactions around 

the burning particle will need much more complicated 

numerical calculation. However, considering the fact that 

an industrial scale pulverized coal flame are composite 

of non-synchronous combustions of millions of millions 

of individual coal particles, the macroscopic behavior of 

the flame will not be sensitive to the detailed 

intermediate combustion scenarios of the individual coal 

particles. Then, it would be reasonable to assume that the 

real combustion situation of an individual coal particle 

could be represented by one of the two limiting cases 

mentioned above, depending on the destruction 

possibility of the stagnant reaction boundary layer  . 

For simplicity, the pre-ratio factor in Eq. 3 is temporarily 
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chosen as 1k  , which could be further calibrated by 

more detailed DNS simulation later.  

According to the value of  , the trend whether 

complete destroy ( 1  ) or entire existing ( 0  ) of the 

reaction boundary layer can be determined through a 

binary Mont-Carlo approach, starting form generating a 

random number   evenly in [0 ， 1]. If   , the 

following calculation should be regarded as the case of

1  . Conversely, if   , calculating by 0  .  

Using the cross-scale modeling method, the MFF-VC 

model and the MFF model can be easily used in the 

turbulent pulverized coal flame. After homogenous 

ignition, the particle temperature during volatile 

combustion is given by the MFF-VC model [12], which 

corresponds to the case of 0  , as 

s Vm
p s s g s

V

V V V r

( )
exp( ) 1

dT G
m c A T T

dt a G

X G H Q


 



 

                     (4) 

Where, 
VG is the volatile release rate, and the 

dimensionless one is
V V g g/ (4 )G G a D  ; Hv is the 

gross calorific value of volatiles, and 
rQ is the radiant 

heat flux received. The energy distribution coefficient 

(Xv), i.e. the fraction of the total heat of volatile 

combustion transferred to the particle surface, can be 

calculated as [12] 

V

V

V

exp( ) 1

exp( ) 1

a
G

bX
G






                            (5) 

The location of volatile flame front is given by [12]  

2g,O
ln(1 )

2

VGb

Ya







                              (6) 

Where 
2g,OY is the mass fraction of oxygen in the 

surrounding gas steam,   is the mass of oxygen for 

complete combustion of unit mass of volatiles. 

Corresponding to the case of 1  , the stagnant 

boundary layer will be completely destroyed by 

turbulent eddies, the volatiles combustion would occur 

entirely in the main gas-steam. Then, we should put

V 0X   in (4). 

Similarly, for the char combustion, the particle 

temperature equation in the MFF model is 

s m
p s s g s C s r( )

dT
m c A T T X A qH Q

dt a


            (7)                   

Corresponding to 0  , the energy distribution 

coefficient of CO flame is calculated by 

C

( )
(1 )

a q H q H a
X

b qH b

   
  


                 (8)                       

Where, q is the total carbon consumption rate per unit 

surface area of the particle, q and q  are the rates for C-

O2 and C-CO2 reactions; H′ and H   are the reaction 

heats for partial and complete oxidations of carbon 

respectively, while H″ for C-CO2 gasification. The 

details can be found in refs. [9-11].  

For the case of 1  , substituting a/b=0 and 0q   

into (8), we have
C 0.3

H
X

H


 


. 

3. Demonstrative simulation by the cross-
scale modeling method 

The simulation object is a swirling pulverized coal 

flame described in ref. [15] (Lockwood, 1998). 

The numerical simulations were performed in the 

coupling of an Eulerian description for the gas phase and 

a stochastic Lagrangian description for the coal particles.                      

The gas-phase turbulence is modeled by a k-ε turbulence 

model with Richardson number modification for high 

swirl number flows [16]. 

Coal particles trajectories were calculated by solving 

three components of the particle momentum equation. 

The size distribution of coal was divided into discrete 

particle size groups, assuming a Rosin-Rammler 

distribution. And each particle size group was tracked in 

the calculated gas phase flow field. 

The rate of volatile release was modeled using two 

competitive reactions. The processes of volatile and char 

combustion were simulated by the MFF-VC model and 

the MFF model or the single-film model, depending on 

whether   or   . The turbulent combustion 

model used was the normal k-ε-f-g model. The details 

including the reaction kinetics data used can be found in 

Refs [12, 17]. The influence of turbulence on the 

stagnant boundary layer with reactions was considered 

through the real-time calculation of the energy 

distribution coefficients using the cross-scale modeling 

method, while the values used in the single-film model 

were 0 for volatile combustion and 0.3 for char oxidation 

constantly. At last, the radiant heat transfer was 

calculated by the discrete transfer radiant method [18]. 

 

4. Results and discussions 

The simulation results of flow filed near the burner 

are shown in Fig.2. Fig. 2(a) shows the distribution of 

velocity vector with a strong internal reverse-flow zone 

(IRZ), where the gas temperature and the oxygen 

concentration are lower than those in the main stream 

(see Fig. 2(b) and 2(c)). Figure 2(d) shows the size 

distribution of turbulent eddy, in which the smaller 

turbulent eddy size near the front boundary of IRZ 

corresponds to the higher turbulent energy in this region. 

a b 

c d 
Fig.2 Simulation results in the near-burner zone 
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(c) Oxygen concentration (vol. %), (d) Turbulent eddy size (m) 

Fig.3 shows the particle trajectories with different 

particle sizes. It can be seen that the bigger size particles 

tend to pass through the IRZ; conversely the smaller 

particles are tracked in the front boundary of the IRZ. 
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Fig.3 Pulverized-coal particle trajectories with different particle 

sizes : (a) 10μm, (b) 50μm, (c) 90μm  

Fig.4 illustrates the destruction possibility ( ) of 

the stagnant particle boundary layer for the particle sizes 

of 10, 50 and 90μm. The value of   was determined by 

the two scale parameters obtained in a sample particle 

path-line. It was found that the destruction possibilities 

were 50~70% for volatile combustion, while the 

destruction possibilities were very low for char 

combustion.  
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Fig.4 Destruction possibility of the stagnant boundary layer with 

gas reactions : (a) 10μm, (b) 50μm, (c) 90μm 

Fig.5 shows the comparison of the model 

predictions by the cross-scale method and the single-film 

model with the experimental data from Lockwood [15]. 

It can be seen from the figure, the predicted oxygen 

concentration and gas temperature by the cross-scale 

method are in general agreement with the experimental 

data, and better than those predicted by the customary-

used single-film model, in which the gas reactions 

(volatile and CO flames) in the particle boundary layer 

were completely neglected.  
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Fig.5 Comparisons of model predictions and experimental data [15] 

(a) Oxygen concentration , (b) Gas temperature 

 (○for experimental measures, Solid line for cross-scale method, 

dashed line for single-film model) 

 

5. Conclusion 

1. In the process of pulverized coal combustion, the 

volatiles released by pyrolysis and the primary product 

of char combustion (CO) may burn further in the 

boundary layer of the coal particle, which may play an 

important role to the heat balance of the particle, and 

then the reaction condition. These microscopic 

phenomena may also be disturbed to some extents by the 

semi-macroscopic or meso-scale turbulence in the main 

gas-stream.  

2. In this paper, a primary cross-scale modeling 

method for the multiphase combustion in a turbulent 

pulverized coal flame was proposed, in which the 

interactions between the homogenous reactions taking 

place in the stagnant boundary layer of the coal 

particle and the turbulent eddies in the mainstream of 
the flame were considered through a binary Monte-Carlo 

approach in comparing “the range scale of reaction” and 

“the characteristic scale of eddy”.   

3. The cross-scale modeling method was 

preliminarily demonstrated in the numerical simulation 

of a pulverized coal swirling flame, in which the 

destruction possibilities of the stagnant boundary layers 

of different sized coal particles were analyzed, and then 

used in the simulation. The calculation results are in 

general agreement with the experimental observations, 

and better than those predicted by the customarily-used 

single-film model, in which the gas phase reactions in 

the particle boundary layer are completely neglected.  

4. The demonstration simulation shows that the 

proposed method is promising to improve the accuracy 

of modeling the very complicated multiphase 

combustion in the turbulent pulverized coal flame. 
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Abstract 

This paper presents direct numerical simulations (DNS) of sound generation by a two-dimensional laminar, premixed, flame excited 

at the inflow boundary. This low-Mach and unity Lewis number study investigates the effect of various flame parameters such as the 

Zel’dovich number, the flame speed, and the temperature ratio, on the sound produced by two annihilation events; namely, ‘flame 

pinch-off’ and ‘flame island burn-out’ which are observed as strong, monopolar sound sources. The impacts of these flame parameters 

are found to be quite significant not only on the magnitude of the noise emission, but also on its phase. 

 
Keywords: Direct numerical simulation, Combustion noise, Annihilation event. 

 

 

1. Introduction 

 

In addition to being a significant form of noise pollution, 

sound generation in reacting flows can cause combustion 

instability [1] which in turn can have an adverse impact 

on combustion system performance. Hence, 

understanding the mechanisms of sound production by 

combusting flows can enable us to design devices that 

pollute less, benefitting humans, animals and the 

environment more broadly. 

There are a considerable number of investigations 

indicating that sound generation due to unsteady 

combustion is a significant noise source particularly for 

lean-premixed combustion, and can lead to acoustic 

instability, e.g. [2–8]. Since lean-premixed combustion 

can result in lower pollution and higher combustion 

efficiency, it is therefore crucial to understand the roles 

of flame parameters involved in the sound generation. 

It is well known that fluctuations of the heat release 

rate play a significant role in combustion noise 

generation, e.g. [2,3,7,8]. Furthermore, the destruction of 

flame surface area (known as flame ‘annihilation 

events’) is directly related to the rate of change of the 

heat release rate, and is therefore a major source of 

combustion noise. As an example, the response of two-

dimensional flames with different Lewis numbers to 

acoustic forcing was investigated by Talei et al. [9] and 

it was shown that for a range of forcing frequencies, two 

types of flame annihilation events were observed. The 

first type was called ‘flame pinch-off’, where collision 

between the two curved flame fronts occurred and sound 

was generated. This annihilation event also created a 

pocket of unburned mixture which was subsequently 

consumed and led to the second type of annihilation 

event, ‘island burn-out’. While both types of events can 

be considered as destructions of flame surface area, 

strong monopolar sound sources were observed for Le = 

1 and 2, with almost no sound for Le = 0.5.  This 

emphasises that in order to have a thorough 

understanding of sound production mechanisms in 

unsteady combustion, we need to consider not only the 

flame geometry, but also the importance of flame 

parameters.  

There are several other studies demonstrating that 

the destruction of flame surface area can be viewed as a 

strong and important source of sound, e.g. [10-12]. There 

are also a few studies that examine the effect of flame 

parameters on sound generation by flame annihilation 

(e.g., [7-9,13]). As previously discussed, Talei et al. [9] 

investigated the effect of different Lewis numbers and 

varying forcing frequencies on sound production by 

annihilation events in a two-dimensional excited laminar 

premixed flame. Talei et al. [7,8] have also examined the 

effect of different flame parameters on one-dimensional 

annihilation events. Together, these works show that 

several flame parameters affect sound generation by 

premixed flame annihilation. 

Hence, the aim of this present study is to examine 

the effect of flame parameters that are different to those 

studied previously by Talei et al. [7-9] — the Zel’dovich 

number, the flame speed, and the heat release — on the 

sound production by annihilation events in a two-

dimensional laminar premixed flame. This complements 

previous studies by the group. 

2. Computational Model 

2.1 Governing Equations  

Assuming a single step, irreversible chemical reaction, 

the governing equations for the conservation of 
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momentum, mass, total energy, and deficient species 

mass are, respectively, as follows: 
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where x and t are the spatial coordinate and time, 

respectively. In addition, ρ is the density, uj is the j-

component of flow velocity, YF is the fuel mass fraction, 

p is the pressure, Et is the total energy per unit mass 

(internal energy plus kinetic energy), qj is the heat flux 

vector considering constant heat capacity, and τij is the ij-

component of the viscous stress tensor. The quantities tE

, qj and τij are given by, 
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where γ is the heat capacity ratio, Q is the heat of 

reaction per unit mass of reactant, Δhk
0
 is the chemical 

enthalpy of formation evaluated at reference temperature 

T0, μ is the dynamic viscosity,  D is the binary mass 

diffusion coefficient, λ is the mixture thermal 

conductivity, and δij is the Kronecker delta. The fuel 

reaction rate F  may be obtained using the Arrhenius 

law as follows: 
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Note that B is the pre-exponential factor, β is the 

Zel’dovich number, Tf  is the adiabatic flame 

temperature, T0 is the fresh mixture temperature at jet 

inlet, Ea is the activation energy, R is the universal gas 

constant, and α is the heat release parameter. 

2.2 Numerical Method 

The direct numerical simulation (DNS) of the governing 

equations (1-4) is carried out using a modified version of 

the code S3D [14] (referred to as S3D-SC [15]) which 

features an 8
th

 order central differencing scheme for 

spatial derivatives, combined with a 4
th

 order explicit 

Runge–Kutta time integrator. S3D is an MPI-compatible 

solver and is able to be run on parallel processors with 

high performance.  

Figure 1 shows a schematic of the computational 

domain with the boundary conditions used in this 

simulation. The non-reflecting boundary conditions are 

the so-called 3D-NSCBC boundary conditions [16] to 

avoid spurious reflection from the edge boundaries, and 

from the inflow/outflow corners.  The numbers of grid 

points in the streamwise and transverse directions for 

one half of the computational domain are 800 and 500 

respectively. The reference length L0 is equal to the 

width of the inlet jet. 

There are four different cases considered in this 

study (Table 1). While keeping a constant laminar flame 

thickness ( 1.0/ 0 L ) for all cases by adjusting the 

Damköhler ( 00 /Da aL ) and acoustic Reynolds (

0000 /Re  La ) numbers, the other cases’ flame 

parameters are selected to investigate the effect of the 

Zel’dovich number, the flame speed, and the heat release 

parameter on the sound produced by the annihilation 

events. Note that, for all cases, the Lewis number and the 

Prandtl number are equal to 1 and 0.75 respectively. The 

jet Mach number is also adjusted for case 2 to get a same 

flame length for all cases. Each case is initialised with a 

triangle-shape flame configuration and run without any 

excitation at the inlet boundary to achieve a steady-state 

solution. This solution is then used as an initial condition 

for the simulation of the forced flame. 

The harmonically oscillating velocity at the inflow 

boundary is 

)),2(sin1()/(),/( 000 tfbLyutLyu   
 

(11) 

where b=0.25 and 

]).03.0/)5.0/[(tanh1(
2

)/( 000  Ly
u

Lyu in  

 

(12) 

Note that inu  is the mean inflow velocity divided by the 

reference sonic speed, and the frequency of excitation is 

applied based on the Strouhal number which is given by 

,/ 00 aLfSt   (13) 

The Strouhal number is equal to 0.025 for all cases in 

this study. 

 

 
 

Figure 1: The computational domain.  
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Table 1: The simulation parameters used in the present study. 
CASE  Re Da α β SL/a0 uin 

1 2000 19.4 0.75 8 0.01 0.08 

2 4000 9.7 0.75 8 0.005 0.04 

3 2000 35.8 0.86 8 0.01 0.08 

4 1650 64.1 0.75 16 0.01 0.08 

3. Results and Discussion 

3.1 Flame Annihilation and Sound 
Production 
 

In order to have detailed insight into the dynamics of 

excited premixed flames, some snapshots of the 

temperature field are depicted for case 1 in Fig. 2. Two 

annihilation events are observed, leading to a destruction 

of flame surface area. The first is ‘flame pinch-off’ 

where the excited flame front converges, resulting in the 

formation of a neck region of reactants that becomes 

gradually and locally thinner, until finally a collision 

between two curved flame fronts occurs. By the 

completion of this event, a pocket of unburned mixture is 

shed and finally consumed, resulting in the second type 

of annihilation event, ‘flame island burn-out’. 

The dimensionless dilatation field (L0/a0) u


.  is 

illustrated in Fig. 3 for case 1, showing simultaneously 

both the flame’s response to the excitation and the 

generated sound. Combining the energy and momentum 

equations and assuming negligible mean far-field 

velocity, the dilatation and the pressure are related in the 

far field as follows: 

.0.2
00 




ua

t

p 
  

 

(14) 

Figure 3 clearly shows that both annihilation events are 

sources of sound as they produce large disturbances in 

the dilatation filed, leading to pressure fluctuations (i.e. 

sound generation) based on equation (14). 

 

  
 

Figure 2: Several snapshots of dimensionless temperature field 

for case 1. 

 

3.2 The Effects of Flame Parameters 
 

The far-field non-dimensional dilatation (L0/a0) u


.  is 

shown at a given location (5L0,-4L0) in Fig. 4 for all 

cases considered as a function of dimensionless time. 

The effects of the Zel’dovich number, the flame speed, 

and the heat release parameter can then be examined. 

These flame parameters all play a significant role in the 

generation of combustion noise. Comparing cases 1 and 

2 shows that an increase in the flame speed (SL/a0) 

sharply intensifies the sound produced by unsteady 

premixed combustion. Moreover, the effect of heat 

release parameter (α) on combustion noise is revealed by 

examining cases 1 and 3, showing a significant growth in 

the sound produced due to an increased rate of change of 

the heat release rate with increasing  . Increasing the 

Zel’dovich number also leads to more sound production, 

especially for the first annihilation event (i.e., the flame 

pinch-off). However, its effect on noise emission by the 

second annihilation event (i.e., flame island burn-out) is 

small. 

 

 

  

 

Figure 3: Several snapshots of the dilatation field (L0/a0) u


.  for case 1. 
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Finally, it is important to state that these flame 

parameters also create phase shift in noise generation by 

the annihilation events. Of note is that increasing the 

heat release parameter and the Zel’dovich number results 

in a lead, and decreasing the flame speed leads to a lag in 

the noise generation by the annihilation events (as 

observed in Fig. 4). This may also have implications for 

combustion system stability.       

 

 
(a) First annihilation event: flame pinch-off. 

 

 
(b) Second annihilation event: flame island burn-out. 

 

Figure 4: Dimensionless dilatation trace at the far-field at spatial 
location (5L0,-4L0) as a function of non-dimensional time: (a) first 

annihilation event; (b) second annihilation event.  

4. Conclusion 

Using direct numerical simulation (DNS), this study 

examined the effects of several flame parameters on the 

sound production by two-dimensional, laminar, 

premixed flames. The parameters tested were the 

Zel’dovich number, the heat release parameter and the 

laminar flame speed. Two forms of annihilation event 

were observed—flame pinch-off and flame island burn-

out. The visualisation of the dilatation field showed that 

these events were significant sources of sound, in 

keeping with previous studies by the group. 

All of these flame parameters played a significant 

role in the generation of combustion noise. Increasing 

the flame speed intensified the sound produced. 

Unsurprisingly, the impact of the heat release parameter 

on the noise emission was also observed to be 

significant. The effect of the Zel’dovich number on the 

sound production by the annihilation events was 

different for each event, as an increase in the Zel’dovich 

number brought about more sound production for the 

flame pinch-off, while it had a small influence on the 

peak sound produced in the island burn-out event. 

Finally, a phase shift in noise generation was also 

observed in all cases. This may also have implications 

for combustion system stability.       
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Abstract 
Ignition and combustion of an n-dodecane fuel spray in a high pressure, high temperature constant volume chamber, known as 

Spray A, is modelled using the transported probability density function (TPDF) method. Comparison of the model and experiment 

reveals excellent results for the flame lift-off length and good results for the ignition delay. This encourages further investigation of 

the model results to help understand the flame structure. It is found that a two-stage ignition occurs. The first stage of ignition is 

rapidly initiated on the lean side where temperatures are high and sequentially moves to richer, lower temperature conditions. The first 

stage of ignition appears to be extremely resilient to turbulence, occurring in a region of very low Damköhler number. The second 

stage of ignition occurs first in rich mixtures in a region behind the head of the fuel jet where mixture gradients are relatively low. The 

second stage of ignition is delayed by turbulence on the lean side but advanced on the rich side, suggesting entrainment and mixing 

from the early igniting lean ignition into richer mixtures is an important moderator of the ignition process. It propagates at very high 

velocities initially, suggesting a sequential burning down gradients of ignition delay and/or residence time. The flame stabilises 

however on the lean side in a region of much lower velocity, where turbulent velocities are sufficiently high such that turbulent 

transport could influence the propagation. It stabilises in a region of low Damköhler number which implies that a competition of 

chemistry versus mixing might determine the stabilisation location. Further analysis of the flow fields also reveals that local 

entrainment and dilatation are important flow features near the flame base. 

Keywords: Diesel, Engine Combustion Network, PDF, n-dodecane, Spray A 
 

1. Introduction 

In the last two decades, significant progress has 

been made in using experimental techniques to 

understand the structure of diesel spray flames. For 

example, in John E. Dec's landmark paper [1], imaging 

techniques employing Mie scattering, Rayleigh 

scattering, chemiluminescence, polycyclic aromatic 

hydrocarbon (PAH) fluorescence, and laser-induced 

incandescence were applied to develop a conceptual 

model of the structure of a diesel spray flame which 

was remarkably different to the physical pictures that 

were proposed before these techniques were available. 

Many other works have followed and built upon this 

body of knowledge, e.g. see Ref. [2]. 

Despite this substantial progress, the most detailed 

available experiments can still only provide a partial set 

of data - for example only one or two species would be 

simultaneously available. In contrast, advanced models 

of turbulent combustion compute (at least) an 

approximation to the missing information, and 

therefore, once validated, can arguably suggest a 

qualitative picture of the missing data and infer 

characteristics of the flame structure which cannot yet 

be measured. 

The goal of this paper is therefore to examine 

results from simulations of a spray flame using a 

relatively complete model of turbulent combustion, the 

transported probability density function (TPDF) 

method, and infer some characteristics of the flame 

structure. 

 

2. Methodology 

The modelling methods used are outlined 

extensively in previous work [3,4], so only a brief 

account is repeated here. The composition TPDF model 

is implemented in the commercial code Fluent [5] using 

the conventional hybrid Eulerian-Lagrangian method, 

where the flow is modelled with a Reynolds-Averaged 

Navier-Stokes (RANS)-based k-ε turbulence model. 

The Euclidean Minimum Spanning Tree (EMST) 

mixing model is used [6] (with the mixing constant Cϕ 

equal to 1.5) in conjunction with an 87 species reduced 

chemical mechanism based on Ref. [7], which also 

includes the excited species OH* [8] in order to 

facilitate comparison with experimental 

chemiluminescence images. In-situ adaptive tabulation 

was also used to accelerate the chemistry. Spray was 

modelled with a fairly standard Lagrangian discrete 

phase approach, with a simple approach to coupling. 

The modelling used a two-dimensional axisymmetric 

grid with a total cell number of 2385, a time-step of 4 

µs, and 200 PDF particles per cell. Extensive 

convergence tests were performed to ensure the 

adequacy of these parameters [4]. 

The modelling considers the experimental scenario 

of an n-dodecane liquid spray injected via a single hole 

high pressure injector into a constant volume chamber 

containing oxidiser at pressures and temperatures 

representative of a modern diesel engine. The fuel 

eventually ignites and the flame transitions to a quasi-

stationary flame that is lifted from the nozzle. 
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3. Results and Discussion 

3.1 Validation 
 

Figure 1a shows the experimental and computed 

ignition delay time as the ambient temperature in the 

vessel is varied, while Figure 1b shows the lift-off 

length. The agreement is observed to be quantitatively 

excellent for lift-off length and qualitatively correct for 

the ignition delay. The authors believe that the 

quantitative discrepancy for ignition delay is due to the 

chemical mechanism, which over-predicts ignition 

delays from shock tubes at these pressures. Despite this 

reservation, the results are among the best of all 

attempts to model this flame to date [9], which 

encourages further investigation of the modelled 

results. The baseline 900K ambient temperature case is 

selected for further analysis. 

 
Figure 1: Experimental and modelled ignition delay a), and lift-off 

length b).  
 

3.2 Flame structure  
 

The green flood in Fig. 2 shows contours of 

dodecyl peroxy radical (R-OO), a key intermediate in 

the low-temperature degenerated chain branching 

process that governs the first stage of ignition, while the 

yellow flood shows contours of temperature cut-off at 

1300K, thus representing the region of high 

temperature combustion. The stoichiometric mixture 

fraction Zst contour is marked with a solid black line 

while the most-reactive mixture fraction Zmr, defined 

here as the mixture having the shortest homogeneous 

second-stage ignition delay, is noted with a dashed blue 

line. It is observed that the low temperature kinetic 

pathways that are active during first stage ignition 

initiate rapidly across a range of mixture fractions. The 

second, hotter ignition begins in a low-gradient region 

behind the head of the fuel jet that is rich of 

stoichiometric, and then expands outwards, consuming 

the products of the first stage, eventually stabilising on 

the lean side of stoichiometric. This picture is 

consistent with the high-speed shadowgraph movies of 

reacting jets reported in Refs. [10,11], which showed 

that the signal disappeared (became transparent to the 

background) right before the second-stage ignition. 

 The same process can also be visualised in 

mixture fraction space as in Fig. 3. Note the 

exceptionally rich ignition and the clear tri-modality of 

mixture-fraction conditional PDFs of temperature, 

where the three modes are: unburned, burned up to the 

first stage, and burned up to the second stage. 
 

 
Figure 2: Time evolution of the flame from ignition to stabilisation. 

 

 

 
Figure 3: Particle temperatures versus mixture fractions for a 

sequence of times. 

The first stage ignition is now examined more 

closely in Fig. 4. The PDF results are compared with 

results from an unsteady flamelet model calculation 

with a peak scalar dissipation rate χ of 0 and 10 s
-1

. In 

the case of zero dissipation, a flamelet solution is 

simply a set of uncoupled homogeneous constant 

pressure reactors. Considering first the results at 

0.42ms, it is clear that the first stage ignition is initiated 

very lean of stoichiometric and that the PDF model lags 

the χ = 0 s
-1

 flamelet model. At 0.5ms and 0.6ms, it is 

observed that for mixtures leaner than around a mixture 

fraction of 0.09, the PDF model still lags the χ = 0 s
-1

 

flamelet model, which has entered second stage thermal 
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runaway over a range of mixture fractions. However, in 

the region richer than around Z=0.09, the PDF model 

actually leads the χ = 0 s
-1

 flamelet model. Due to the 

finite time to form a flammable mixture and due to 

losses of heat and radicals from early igniting regions, 

this situation was not initially expected. It is postulated 

that this is a result of turbulent mixing: transport, by 

turbulence and/or by entrainment, of heat and radicals 

from early first stage ignition in leaner regions into 

richer regions accelerates the ignition in the latter. 

Comparing the χ = 0 s
-1

 and χ = 10 s
-1

 flamelet 

solutions, where mixing is included in the latter but not 

in the former, supports this explanation. This also 

partially explains why the second stage ignition in Fig. 

3 (at 0.7ms) was observed to occur in mixtures that 

were richer than what would be predicted by the most 

reactive homogeneous reactor.   

 
Figure 4: Particle temperatures versus mixture fraction, and results 

from a flamelet model with a specified scalar dissipation rate. 
 

The stabilisation mechanism of the diesel flame 

has been a subject of considerable discussion [12,13]. 

In particular there are questions as to whether turbulent 

transport of heat and radicals in the upstream direction 

could play any role. Here, this question is probed by 

investigating the speed of the advancing flame. The 

position of the leading edge of the flame, defined as the 

first axial location which exceeded 400K above the 

ambient temperature was extracted. The flow velocity 

was interpolated to this location so that a relative 

displacement speed of the combustion front could be 

determined. Figure 5 plots the obtained front speed 

versus time. It is observed that the front speed is 

initially extremely high, order 200 m/s, which 

considerably exceeds plausible values of a turbulent 

premixed flame speed. In this transitional phase, 

therefore, the front is certainly a spontaneous ignition 

front propagating down gradients of ignition delay 

and/or residence time. However, the front stabilises in a 

region of much lower velocity, of the order of 10 m/s. 

As this is the same order of magnitude as the turbulent 

velocity fluctuation, around 9 m/s, it is possible that 

turbulent transport could play a role in the stabilisation. 

Further investigation is needed on this point to 

determine whether axial gradients are sufficient to 

promote a significant axial transport. 

Also shown in Fig. 5 is the mixture fraction at the 

front location, showing that second stage ignition is 

initiated in mixtures that are considerably richer than 

expected without considering any mixing effects, but 

that it eventually transitions to a region that is actually 

leaner than stoichiometric - presumably because the 

opposing flow velocity there is much lower. 

 
Figure 5: Relative axial propagation speed of the advancing flame 

front and the location of the front in mixture fraction space. 
 

Flow effects are examined in more detail in Fig. 6, 

which plots velocity vectors in the periphery of the jet, 

the 1300K contour of mean temperature demarking the 

flame region, the contour of the mixture fraction 0.001 

of the reacting jet as a black line, and for reference the 

contour of the same value of mixture fraction in a 

corresponding non-reacting jet in an oxygen-free 

environment as a green dashed line. Several features 

are evident. First, there are some typical features of an 

unsteady jet - namely that axial velocities peak on the 

centre-line, that there is a radially diverging flow 

around the jet head, and that there is significant 

entrainment evident towards the nozzle. Strong 

exothermic heat release results in significant dilatation 

which enhances the radial divergence (by comparison 

to an equivalent non-reacting case, which is not shown 

here). Very interestingly, the dilatational flow couples 

with the entraining flow to create an anti-clockwise 

rotating vortex ring at the base of the flame. This can 

actually lead to locally negative axial velocities which 

can transport hot, burning material upstream. These can 

then be entrained back into the flame, which may 

promote faster upstream motion during the transient 

phase and/or stabilisation at a location further upstream 

during the quasi-steady phase. 

The steady flame is now discussed in terms of the 

local ratios of turbulence and chemistry timescales. 

Figure 7 shows in solid cyan line contours of 

Damköhler number, Da1, defined from the 

homogeneous ignition delay of the most reactive 

mixture fraction and the turbulence integral timescale. 

Contours of Karlovitz number, Ka1, defined from the 

same ignition delay and the Kolmogorov timescale are 

shown with a black dashed line, while the flame region 

is outlined in a red dot-dashed line. It is observed that 

Da1 is less than unity in a large region. It is between 0.1 

and 1 around the flame base and much less than unity 

further upstream. Similarly, Ka1 takes on quite large 

values over most of the flame, and exceeds 1000 in 
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regions just upstream of the flame base. The 

moderately small Da1 at the flame base suggests that 

flame-turbulence interactions are significant, and may 

control the flame stabilisation - i.e. the flame cannot 

move further upstream because mixing rates out of the 

flame are too large. Da1 is however very low in the cool 

flame region, yet the cool flame extends almost all of 

the way to the nozzle, which suggests that the cool 

flame is extremely resilient to turbulence. Calculations 

with the flamelet model support this theory: the critical 

dissipation rate leading to non-ignition of the 1
st
 stage 

is an order of magnitude more than that of the 2
nd

.  

The very large Ka1 here is a result of the low Da1 

and the high turbulent Reynolds number, which is order 

of 10
4
. The consequence of Ka1>>1 is that the scalars 

are expected to be very well micro-mixed, and that thin 

laminar-flame like structures should not occur, thus 

calling into question flamelet modelling approaches in 

these conditions. Inspection of the scalar PDFs, not 

shown, revealed however that they are not close to delta 

functions. Thus, the parameter regime is such that the 

scalar fields are not well-mixed at the integral scale, a 

characteristic which invalidates well-mixed models of 

combustion, but - because of the high Reynolds number 

- they may be well mixed at some intermediate scale 

which is larger than the Kolmogorov scale. As such, a 

well-mixed model applied in a sufficiently resolved 

LES may provide an adequate reaction closure. 

4. Conclusions 
 

Results from a TPDF model were analysed to 

understand the structure of an n-dodecane spray flame 

in diesel engine conditions. Predictions of bulk 

characteristics of the flame such as lifted length and 

ignition delay were first demonstrated to be good. Key 

findings of the analysis are briefly summarised as 

follows: there is a two stage ignition; the first stage 

initiates on the lean side and moves rapidly towards the 

rich side assisted by mixing in a region of very high 

turbulence; the second side initiates on the rich side in a 

region of low gradients then propagates at a very high 

velocity as a sequential ignition front towards a leaner 

region where flow velocities are low, it is stabilised in a 

region where Damköhler number is less than unity and 

the mean flow is order of the turbulence velocity 

fluctuation, which suggests that mixing effects could 

play a role in the stabilisation. Analysis also revealed 

that dilatation and entrainment flows couple to result in 

locally negative axial velocities, which may transport 

hot products upstream and so assist stabilisation. 
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Figure 6: Velocity vectors; black line: contour of Z= 0.001; green 
dashed line: contour of Z= 0.001 of an equivalent non-reacting jet; 

red dashed line: T=1300K. 
 

 
Figure 5: In a solid cyan line, contours of Da1; in a dashed black line, 

contours of Ka1; in a red dot-dashed line, T=1300K. 
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Abstract 
This paper presents a combined experimental and modelling study of propane and n-butane autoignition during octane rating. In-

cylinder pressure data was acquired in a Cooperative Fuel Research (CFR) engine operated at the ASTM Research method (RON) test 

condition. A two-zone model of the CFR engine that incorporated a detailed chemical kinetic mechanism was then used to establish 

whether the autoignition behaviour observed in the engine experiments could be reproduced numerically. The agreement between the 

measured and modelled autoignition location for both fuels was good, and demonstrated the importance of including the chemical 

pathways responsible for the interactions between hydrocarbons and nitrogen oxides (NOx) at these operating conditions. 

Keywords: Autoignition, kinetic modelling, Liquefied Petroleum Gas, LPG, CFR engine. 
 

 

1. Introduction 
 

It is widely recognised that the highest possible 

compression ratio maximises the fuel economy and 

performance of the internal combustion engine. In the case 

of the spark-ignition engine, this key design parameter is 

limited by the increased susceptibility of the engine to 

experiencing so-called ‘knock’. This undesirable form of 

combustion is brought about by the premature ‘autoignition’ 

of the unburned air-fuel mixture, as the result of excessive 

pressure and temperature. Often, this phenomenon leads to 

potentially damaging rates of in-cylinder pressure rise, and 

therefore should be avoided [1]. 

As a result, considerable research has been undertaken 

since the early 1900s to combat knock and elucidate its 

underlying mechanisms. Much of this research culminated in 

the implementation of tetraethyllead (TEL) as a fuel 

additive, which suppressed autoignition and permitted the 

use of higher compression ratios. However, concerns over 

the effect of lead on both the environment and human health 

have since seen the use of this additive prohibited in most 

regions. This restriction, combined with the need to further 

reduce vehicle fuel consumption, has generated a renewed 

interest in studying autoignition and knock.   

Propane and n-butane are the primary constituents in 

Liquefied Petroleum Gas (LPG). LPG is already the leading 

‘alternative’ fuel used in the transport sector, with an 

estimated 17 million vehicles capable of operating on LPG 

globally at year-end 2011 [2]. Like natural gas, LPG 

combustion can also result in lower emissions of regulated 

pollutants and greenhouse gases than the more common 

liquid hydrocarbon fuels [3-5]. These factors, together with 

the projected increases in global production [6,7] positions 

LPG as an attractive future transport fuel.     

However, very few studies have examined the 

autoignition of LPG. As such, there is some uncertainty as to 

its best use in spark-ignition engines. This paper is therefore 

intended to make a contribution to this problem. The 

autoignition behaviour of propane and n-butane is first 

examined experimentally in a Cooperative Fuel Research 

(CFR) engine. A two-zone model is then developed, and is 

used to establish whether a detailed chemical kinetic 

mechanism can reproduce the autoignition behaviour 

observed in the CFR engine.    

2. Experimental methods 
 

All experiments were undertaken with a standard CFR 

engine operated in accordance with the Research method 

(RON) test condition (Table 1). For both fuels, the engine 

was operated at the so-called ‘Standard Knock Intensity’ 

(SKI) test condition, which is used to evaluate the octane 

number. This test condition requires the compression ratio to 

be set to the barometrically compensated value that 

corresponds to the measured RON of the fuel. Further, the 

air-fuel ratio must also be maintained at the value that 

produces the maximum knock intensity (KI) on the ASTM 

‘Knockmeter’.    
 

Table 1: Summary of Research method test conditions [8]. 

Engine speed 600 rpm 

Spark timing 13° before top dead centre (BTDC) 

Inlet air temperature  52 ° C 

Compression ratio 

(CR) 
Propane 9.893:1 (RON 109.4 [9]), 

n-Butane 6.929 (RON 93.5  [9]).  

Air-fuel ratio (λ) Propane 0.96, n-Butane 0.90. 
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The standard CFR engine is not equipped with 

appropriate hardware to dispense gaseous fuels. Therefore, it 

was also necessary to develop an additional fuel preparation 

system. This hardware has been described elsewhere [9], and 

is therefore only summarised here. The gaseous fuel system 

was comprised of two MKS Instruments 1559A thermal-

based mass flow controllers (MFCs) that delivered propane 

and n-butane to the engine. The MFCs were supplied with 

factory calibrations for these fuels, and were operated by a 

MKS Instruments Type 247D controller. All gaseous fuels 

were supplied by Coregas Ltd. and had a minimum purity of 

99.5% mol.    

2.1 In-cylinder pressure data 

In-cylinder pressure data was acquired with a Kistler 

6125C vibration compensated and heat shielded 

piezoelectric pressure transducer. This hardware was 

mounted within the hole that normally accommodates the 

ASTM ‘Detonation pickup’. In-house developed software 

was used in conjunction with a synchronised Pryde 

Measurement encoder to sample the data at intervals of 0.1 

crank angle degrees (CAD). The pressure transducer was 

statically calibrated using a dead-weight tester.  

2.2 Engine-out emissions measurement  

The dry engine-out exhaust concentrations of oxygen 

(O2), carbon monoxide (CO), carbon dioxide (CO2), nitric 

oxide (NO) and the total unburned hydrocarbons (UHCs) 

were measured with an Auto diagnostics ADS 9000P five 

gas analyser. The wet species concentrations were computed 

from the dry measurements (Table 2). The dry CO and total 

UHCs concentrations were used to compute the combustion 

efficiency (ηc). The latter is subsequently used to estimate 

the fraction of the total fuel mass that is burned within the 

cylinder. 
 

Table 2: Measured engine-out CO, total UHCs and NO 

emissions, together with the combustion efficiency. 

Fuel 
 

λ 

Measured engine-out emissions 

 

ηc 
CO  

(% vol.) 

Total 

UHCs 
(ppm C1) 

NO  

(ppm) 

Propane 0.96 1.70 512 1530 0.937 

n-Butane 0.90 3.69 720 792 0.859 

 

 

2.3 Estimating the flame propagation in the 
absence of autoignition 

It is difficult to determine the crank angle resolved mass 

fraction burned (MFB) history from in-cylinder pressure 

traces that exhibit autoignition. Instead, this parameter can 

more easily be estimated using in-cylinder pressure traces 

where the charge is fully consumed by turbulent flame 

propagation.  

To determine the pressure development that would 

occur in the absence of autoignition, dilute tetraethyllead 

(TEL) was added to the intake charge. The TEL was added 

to a 1.0 mL burette (0.1 mL/graduation) and was introduced 

into the intake charge upstream of the gaseous fuel using an 

18G (1.2 mm x 40 mm) hypodermic needle. A needle valve 

was used to adjust the flow rate, which was measured under 

steady-state conditions using a stop-watch. Consistent with 

the literature [10-12], Table 3 indicates that only a small 

amount of dilute TEL was required to suppress the 

autoignition of these hydrocarbons. 
 

Table 3: Amount of TEL added to the intake in order to 

suppress autoignition. 

Fuel TEL (% mass)¹ 

Propane 0.75 

n-Butane  0.30 
 

¹ percentage of the total fuel mass entering the engine 

To demonstrate that the addition of TEL did not affect 

the flame propagation, the MFB histories for propane and n-

butane were computed at sub-critical compression ratio 

conditions, where neither the leaded or unleaded fuels 

exhibited autoignition. Consistent with the general 

consensus in the literature, this analysis indicated that TEL 

can suppress autoignition, whilst not significantly affecting 

flame propagation [10-12].     

3. Two-zone engine model 
 

The two-zone model of the CFR engine was developed 

using the GT-Power software [13]. The engine model was 

comprised of sub-models of the intake and exhaust systems, 

which were used to simulate the volumetric efficiency of the 

engine. These sub-models were validated using experimental 

fuel flow rate data and exhaust lambda measurements. The 

gas exchange processes were also modelled using empirical 

forward/reverse valve discharge coefficient data for the CFR 

engine, which was obtained from the literature [14].   

3.1 Prescribing the flame propagation  

A single representative pressure trace (refer to 

Section 4.1) with autoignition suppressed was first used 

to calibrate the closed portion of the combustion model 

for each fuel. For this process, chemical equilibrium was 

assumed in both the burned and unburned zones. The 

amount of mass transferred between the unburned and 

burned zones at each time step was iteratively adjusted until 

the simulated in-cylinder pressure history matched that 

acquired in the engine experiments. This process was 

undertaken concurrently with the calibration of the in-

cylinder heat transfer sub-model, which was simulated using 

the Woschni correlation without swirl [15].  All calibration 

was undertaken within physically reasonable limits. The 

output from this combustion model is the crank angle 

resolved MFB history, which was used subsequently to 

prescribe the flame propagation in the two-zone model with 

chemical kinetics. 
 

3.2 Engine model with chemical kinetics  

The kinetic modelling of autoignition was performed by 

coupling the two-zone combustion model with a detailed 

chemical kinetic mechanism that described the oxidation of 

C0-C4 hydrocarbons [16]. This model contained 230 species 

that participate in 1328 elementary reactions, and replaced 

the chemical equilibrium calculations previously 

implemented within the unburned zone. The effect of 

nitrogen oxides (NOX) on autoignition was examined by 

integrating the C0-C4 oxidation mechanism with a second 

mechanism developed by Dagaut and Dayma [17]. The latter 
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described the chemical pathways by which short-chain 

hydrocarbons interact with NOX. The combined mechanism 

contained 254 chemical species that participate in 2432 

elementary reactions. 

 

3.3 Residual gas modelling 

The fraction of the cylinder occupied by the residual 

gases was assumed to be comprised of the ideal products 

of fuel-rich combustion in air (CO2, CO, H2O, H2, N2). 

The exhaust concentrations of CO2 and CO were 

measured. However, the exhaust concentrations of the 

other species were unknown, and therefore were 

determined using stoichiometry. The residual 

concentrations of all species within the total cylinder at 

intake valve closure (IVC) could then be computed using 

the estimated residual gas fraction for each operating 

condition (Table 4). The latter was determined using the 

full engine model, and correlated inversely with the 

compression ratio (propane 5.60%, n-butane 7.10% mass). 
 

Table 4: Calculated CO2, CO, H2O and H2 concentrations 

within the cylinder at intake valve closure.  

Fuel 
Cylinder concentration at IVC (% vol.) 

CO2  CO¹ H2O  H2  

Propane 0.60 0.10 0.87 0.02 

n-Butane 0.65 0.28 1.01 0.52 

¹ based on the measured engine-out emissions data in Table 2 
 

 

The same procedure was also used to compute the 

residual NO and total UHCs concentrations at IVC, based 

on the measured engine-out emissions (Table 2).  
 

4. Results and discussion 

4.1 Representative pressure traces 

Cycle-to-cycle variation occurs in all internal 

combustion engines, and results in varying combustion and 

autoignition development (Fig. 1). Given these variations, 

several techniques have been proposed for selecting a single 

pressure trace that is considered ‘representative’ of a given 

operating condition [18]. In this work, a representative 

autoigniting pressure trace was first selected on the basis of 

the autoignition behaviour. The mean autoignition location, 

together with the corresponding in-cylinder pressure, was 

first estimated for a batch of 900 cycles. A single pressure 

trace that closely matched the mean values of these 

parameters was then selected by inspection (Fig 1).  

 

Figure 1: Measured raw pressure traces for propane at the 

Research method test condition. 

A corresponding non-autoigniting pressure trace that 

could be used to compute the crank angle resolved MFB 

history was then selected. This process was undertaken by 

evaluating the residual sum of squares (RSS) between the 

representative autoigniting pressure trace, and each of the 

900 pressure traces with autoignition suppressed. The non-

autoigniting pressure trace that provided the minimum RSS 

of the pressure between the spark and autoignition locations 

was selected for each fuel (Fig. 2). The crank angle resolved 

MFB histories computed from these non-autoigniting 

pressure traces are presented in Fig. 3. This information is 

now used to prescribe the flame propagation in the two-zone 

model with chemical kinetics.     

 

Figure 2: Representative autoigniting and non-autoigniting 

pressure traces for propane and n-butane at the Research 

method test condition. 

            

Figure 3: Mass fraction burned histories for propane and n-

butane at the Research method test condition. 
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4.2 Engine simulations with autoignition 

The two-zone model with chemical kinetics was used to 

simulate autoignition during octane rating. First, the 

simulations were performed with the residual gases 

comprised of the ideal products of fuel-rich combustion in 

air. The same simulations were subsequently performed with 

the residual NO concentration also included in the model. 

Figure 4 indicates that NO has a strong promoting effect 

on autoignition. For both propane and n-butane, the addition 

of small amounts of NO advances the autoignition location 

by approximately 3.0 CAD relative to the equivalent test 

case with NO neglected. These simulation results also show 

good agreement with the engine experiments in terms of the 

autoignition location (<1.0 CAD), suggesting that the model 

is largely capable of reproducing the autoignition behaviour 

of these fuels during octane rating. Importantly, these results 

are also consistent with the promoting effect of NO on the 

oxidation of these hydrocarbons reported elsewhere in the 

literature [19-22].  

 
Figure 4: Measured and simulated pressure histories for 

propane and n-butane during octane rating.  

5. Conclusions 
 

This paper presented an experimental and modelling 

study of propane and n-butane autoignition during octane 

rating. In-cylinder pressure data was acquired in a CFR 

engine operated in accordance with the ASTM Research 

method test condition. A two-zone model of the CFR 

engine that incorporated detailed chemical kinetics was 

then used to simulate the engine experiments. When the 

residual NO concentration was included in the model, the 

simulated autoignition location was within 1.0 CAD of 

that measured in the engine experiments. These results 

therefore demonstrated the importance of including the 

chemical pathways responsible for the interactions 

between hydrocarbons and nitrogen oxides (NOx) at 

these operating conditions. Further, these results 

suggested the model was capable of reproducing the 

autoignition behaviour of these fuels during octane rating.     
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Abstract 
Analysis of Direct Numerical Simulation (DNS) data is performed to identify the effects on the mixture fraction probability 

density function (pdf) of the evaporation region. For the current conditions, the initial droplet field comprises half the initial volume 

and a spark is used to evaporate and ignite the core of the droplet field. It is found that there is a potentially significant influence on 

the overall mixture fraction pdf due to the major evaporation region of the droplets. Furthermore, there is a smaller but potentially 

significant influence on the overall pdf due to the leading edge of the evaporation region. The near-field evaporation field surrounding 

the droplets can also be significant. 
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1. Introduction 

 

Spark ignition for spray combustion is common in 

gas turbine engines while the automotive industry is 

adopting it as DISI (Direct-Injection Spark-Ignition) 

engine technology: an active research area [1–5]. Classic 

experiments showed that spray flames need more spark 

energy than equivalent gaseous mixtures to overcome the 

latent heat of vaporisation, with turbulence impacting 

negatively on ignition success [6, 7]. The behaviour is 

sensitive to the droplet size, with fine droplets able to 

sustain lean flames (when the equivalent gaseous flame 

cannot) because the gaseous distribution of fuel is more 

variable, producing local stoichiometric conditions [6]. 

Conditional Moment Closure (CMC) [8] is a model 

that advocates argue is well suited to modelling spray 

flames [8–10]. A derivation of the CMC transport 

equation for spray combustion [11] has allowed its 

application [12, 13]. However, there have been few 

investigations into the mixing of two-phase flows [9], so 

the -function probability density function (pdf) is often 

used to model the mixture fraction pdf, following the 

single-phase model. Indeed, it was proposed that a model 

for the gaseous phase in the far-field from the droplets 

would obey a -function distribution [10]. In this model, 

the pdf would be defined so that the limits of mixture 

fraction would be [0,1] even though the realisable upper 

limit will almost certainly be much lower. This model 

deliberately neglects the near-field probability, which 

occurs at the upper range of realisable mixture fraction. 

Zhu et al. [14] derived transport equations for a 

range of joint-pdf definitions, including droplet size 

distributions and also level-set descriptions to distinguish 

the probabilities of liquid and gas.  However, this work 

does not seem to have translated into a working model 

for the mixture fraction pdf. Demoulin & Borghi [15] 

presented a sketch of how they thought the pdf should 

look. It contained a high probability at zero mixture 

fraction, which decays until there is a secondary peak at 

some finite value of mixture fraction. This bimodal 

behaviour cannot be modelled by a -function pdf due to 

a tail at the largest realisable mixture fractions. They 

then presented an algebraic model for the pdf. 

Direct Numerical Simulations (DNS) provide a tool 

for characterising the behaviour of spray flames [16] and 

some DNS studies have presented their mixture fraction 

pdf with the -function pdf matching their results well 

[17, 18]. Other studies have presented the DNS pdf 

without comparing to a model because the pdf is clearly 

more complex [19, 20]. This could be due to the near-

field region producing high values of mixture fraction 

that essentially act as an independent distribution [21, 

22]. A model for the pdf was proposed [22] based on a 

suggested model for the near-field distribution [8]. 

All of those DNS results have been based on 

analysis of autoigniting spray flames. An analysis [23] of 

DNS results for spark-ignition spray flames [24] was 

conducted with the mixture fraction defined to be based 

on the gas-phase only. The study found that the Favre 

mixture fraction pdf could be decomposed into a -

function pdf for the lowest values of mixture fraction, 

with the secondary peak (similar to that described in 

[15]) modelled by a Gaussian distribution. When the 

mixture fraction was normalised by the mean mixture 

fraction, the location of the peak of this secondary 

Gaussian remained fixed and after the effects of the 

spark had dissipated, the profile became self-similar. 

However, it was found that the addition of the tails 

between the primary -function pdf and the secondary 

Gaussian pdf did not account for all of the probability in 

this region of mixture-fraction space. It was discovered 

that to model this intermediate region required a tertiary 

Gaussian pdf. The purpose of this paper is to investigate 

which regions of physical space produce these three 

modelled distributions. It will also investigate the need 

for a fourth distribution at the highest mixture fractions. 



 

 

- 377 - 

2. Background 

 

The three-dimensional compressible DNS code 

SENGA [25] was used with periodic boundary 

conditions in the y- and z-dimensions and partially non-

reflecting boundary conditions [26] for the x-direction. 

The fuel was initially solely contained in the liquid 

phase, with the droplets uniformly distributed in the 

central portion of the domain, leaving pure air between 

the boundaries in the x-direction and the droplet field. 

This is because the boundary conditions for droplets 

entering the domain are unclear. The droplet transport 

equations accounted for the relaxation to the gaseous 

phase values of velocity and temperature in addition to 

the effect of evaporation on droplet temperature and 

diameter [27, 28]. The gas phase was coupled via droplet 

source terms in the continuity, momentum, energy and 

species transport equations. A single-step irreversible 

chemical mechanism was used [29], while the spark was 

modelled by the deposition of energy for a fixed duration 

tsp, with the spatial distribution of the power a Gaussian 

distribution as a function of radius from the centre of the 

domain. Full details on the implementation for the case 

under consideration can be found elsewhere [24, 30].  Of 

primary interest here is the definition of mixture fraction 

used, which is based solely on the gaseous phase: 
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 (1) 

 

where Y is the mass fraction of either Fuel or Oxidiser, 

with i representing the inlet stream value, and s is the 

stoichiometric mass of oxidiser per unit mass of fuel. For 

the fuel considered (n-heptane), the values in this case 

are YF,i = 1.0, YO,i = 0.233 and s = 3.52, while the 

stoichiometric mixture fraction is 0.062. 

3. Results 

 

The case of interest is what is defined as the “base 

case” in Ref. [24]: a case where the spark evaporated 

sufficient fuel to create an ignitable mixture with the 

flame propagating successfully for the duration of the 

simulation. Figure  shows the mixture fraction Favre pdf 

for the instant at 0.5tsp; at this time the mean mixture 

fraction was 0.0140, so essentially no mixture was above 

the stoichiometric value. Note that the pdf is determined 

for the entire computational domain and is based on the 

mixture fraction values occurring at each node in the 

DNS grid. The modelled pdf is the summation of the 

component pdfs, where each component pdf is scaled so 

that its integral is no longer unity. When determining the 

modelled pdf for this instant, it was observed that only 

using the primary -function pdf with the secondary and 

tertiary Gaussian pdfs grossly under-predicted the pdf 

beyond the peak at Z  1.8Z. Another phenomenon is 

occurring at these high mixture fraction values, which 

requires modelling by a Gaussian distribution. Once this 

is done, the modelled pdf predicts the actual pdf well. 

 
Figure 1: Mixture fraction Favre pdfs at t = 0.5tsp, when 

Z = 0.0140. DNS [24], —; model, – ·; primary -

function pdf, secondary, tertiary and quaternary 

Gaussian pdfs, – –. 

 
Figure 2: Slice of normalised mixture fraction Z/Z at 

time corresponding to Fig. 1 for z = 0.5. 

 
Figure 3: Mixture fraction Favre pdfs at t = 4tsp, when 

Z = 0.0387. As per Fig. 1. 

 

An explanation for the behaviour is shown in Fig. 2: 

a sample of the mixture fraction field. The quaternary 

pdf is due to the field immediately surrounding the 

droplets, which occupies a substantial amount of space 

(has high probability) because of the evaporation due to 

the ambient temperature (ignition is yet to occur [24, 

30]). The secondary pdf is created as the gaseous fuel 



 

 

- 378 - 

mixes with the surroundings. The primary -function pdf 

dominates due to insufficient spread of the fuel. 

 
Figure 4: Slice of normalised mixture fraction Z/Z at 

time corresponding to Fig. 3 for z = 0.25. 

 
Figure 5: As per Fig. 4 for z = 0.5. 

 

Note that the tertiary pdf is necessary to model other 

behaviour which is not captured by the primary and 

secondary pdfs. An explanation for the cause of the 

tertiary pdf is more easily observed at the later time 4tsp, 

when the effects of the spark have dissipated. Figure 3 

shows that while the peak of the secondary pdf has 

remained at approximately the same normalised mixture 

fraction value, its relative width has diminished (the 

greatly increased value of Z means the absolute width 

has increased). This has caused the tertiary pdf to move a 

large distance to the right. Looking at the representative 

samples throughout the domain of the distribution of 

(normalised) mixture fraction (Figs. 4–7), the value of 1 

is observed on the edges of the interface between the 

pure air and the droplet region. While its effect may be 

small compared to the primary and secondary pdfs, it has 

a significant influence in the vicinity of the mean 

mixture fraction at the later time. Its creation is due to 

the large gradients of mixture fraction at the leading edge 

of the evaporation region. This phenomenon can be seen 

in the DNS because it spatially resolves the leading 

edges. 

The quaternary pdf is only responsible for a smaller 

amount of the overall distribution and this is restricted to 

the region surrounding the spark centre (located at 

[0.5,0.5,0.5]): Figs. 4 and 5. This region corresponds to 

the only part of the domain where combustion has 

occurred (Figs. 8 and 9), and this has accelerated the 

droplet evaporation. 

 
Figure 6: As per Fig. 4 for z = 0.75. 

 
Figure 7: As per Fig. 4 for z = 1. 

 
Figure 8: Slice of non-dimensional temperature for same 

conditions as Fig. 4. 

 

The primary -function pdf represents the pure air, 

so its strength would be greater for a substantially wider 

computational domain (the initial droplet region was half 

the volume). Its significant influence above the mean 

mixture fraction at later times is probably due to the 

large regions near the boundaries of the domain with low 

gradients of mixture fraction ahead of the mean mixture 

fraction (e.g. Fig. 6 for y  0.2 at the highest x). 

4. Conclusions 
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This study has demonstrated that while the mixture 

fraction pdf is dominated by a -function distribution, 

there can be a significant influence of the droplet 

evaporation region on the shape of the pdf at values of 

mixture fraction greater than the mean. Furthermore, the 

leading edge of the evaporation region produces a 

smaller, yet potentially significant, influence on the 

overall pdf. This effect could be important when 

considering the modelling of the edges of spray jets. 

Finally, there is a localised effect due to the evaporation 

of the droplets. This effect was greatest in the current 

case before the spark had ignited the mixture, when the 

entire droplet field was evaporating due to ambient 

conditions. Once the spark ignited the mixture in the 

centre of the domain, the greatly increased temperature 

accelerated the droplet evaporation and caused the 

quaternary distribution to have a relatively minor 

influence overall due to the relatively small spark size. It 

can therefore be hypothesised that autoignition cases will 

be dominated more by this effect. 

Nonetheless, if the overall volume of the domain 

under consideration contains substantially more pure 

oxidiser than droplet-laden oxidiser, it is likely that the 

secondary peak will have an insignificant mode 

compared to the -function pdf component for the 

corresponding range of mixture fraction values. This 

potentially validates the assumptions that were made in 

using a -function pdf to model the mixture fraction pdf 

[10]. Firstly, neglecting the near-field (which is not fully 

resolved in the current results) due to its low probability: 

the percentage of volume that could be considered to be 

occupied by the droplets here is very small. Secondly, 

applying the limits used in defining the -function pdf to 

be the full range of mixture fraction, rather than a subset 

which accounts for the low realisable range. Stretching 

the tail in this manner would likely assign a higher 

probability to the mixture fractions influenced by the 

secondary pdf and thereby account for some of the 

effects of it and the quaternary pdf, while removing the 

need for the tertiary pdf. 

Future work will investigate the extent to which the 

current results are sensitive to variables such as droplet 

number density, initial diameter and flame success. 

 

 
Figure 9: Temperature for same conditions as Fig. 5. 
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Abstract 
A fully coupled Conditional Moment Closure (CMC) model based on mixture fraction as the conditioning variable is 

implemented in OpenFOAM. The CMC model is developed to be used under a lean partially premixed combustion regime, which is 

the dominant regime in stratified Homogeneous Charge Compression Ignition (HCCI) engines. Direct Numerical Simulations (DNS) 

of four test cases with a reduced 58 species mechanism for n-Heptane/air combustion are performed. Each DNS case is initialised by a 

different level of stratification in mixture composition. The results from CMC model are compared against the DNS. Mean 

temperatures for all four test cases are in good agreement with the DNS. Furthermore, for low levels of mixture stratification, the 

conditional temperature from the CMC model closely matches the DNS; however, as the level of stratification is increased the 

deviations from the DNS become more prominent. 

 

Keywords: Conditional Moment Closure, CMC, Mixture stratification, OpenFOAM, HCCI. 
 

 

1. Introduction 

Despite their low emissions and high fuel 

economy, Homogeneous Charge Compression Ignition 

(HCCI) engines suffer from rapid pressure rise rates 

which in turn emanate from high heat release rates 

(HRR) at high load operating conditions. The 

introduction of fuel stratification using direct injection 

can alleviate this problem by staging of the combustion 

event. This is shown to be a promising technique for 

smoothing HRR and lowering the pressure rise rate [1]. 

Conditional Moment Closure (CMC) is a 

modelling approach originally proposed for non-

premixed flames  using Reynolds Averaged Navier-

Stokes (RANS) methodology [2]. It has since been 

extended to premixed flames [3], and recently to Large 

Eddy Simulation (LES) of premixed flames [4]. The 

weakly stratified HCCI combustion mode, however, 

does not neatly fit in non-premixed or premixed 

categories [5], as there is significant premixing prior to 

ignition yet conventional propagating premixed flames 

are thought to play only a minor role. Nonetheless, 

there are reasons to suggest that CMC may be an 

effective method to tackle HCCI engines. In HCCI, 

local combustion rates are very high and the total 

combustion duration is quite short, so that there is little 

time for mixing between unburned, burning, and 

burned regions. Because of this, the progress of ignition 

locally is mostly dependent on the mixture conditions 

prior to ignition. Therefore, if appropriate conditioning 

variables are selected that adequately represent the pre-

ignition state space, conditional fluctuations are 

expected to be small. 

A new formulation of the CMC model, tailored for 

lean HCCI combustion mode, is proposed in this paper. 

The model is quite similar to an unsteady flamelet 

model in [6], but without the underlying restrictions on 

the flame thickness, which are not appropriate in the 

HCCI setting. The model is based on mixture fraction 

as the conditioning variable. The CMC model is 

implemented and fully coupled to an open source code 

called OpenFOAM. 

Four different two-dimensional cases modelling 

auto-ignition of lean n-Heptane/air mixtures are solved 

using Direct Numerical Simulation (DNS). Each case 

has a different level of composition stratification. The 

same cases are solved using the CMC model and the 

results are compared with the DNS. Conclusions are 

drawn from these comparisons on the validity of the 

CMC model, and suggestions are made for future 

developments to enhance the model’s performance. 

2. Numerical Method and Simulation        
Parameters 

2.1 CMC Model 
 

The fundamental assumption in the CMC method 

is that fluctuations of scalars (species mass fraction, kY , 

and temperature, T, in particular), around their 

conditional means ( ² |
kY kQ Y h=  and ² |TQ T h= ) are 

small, i.e. 

( ) ( ), , ,
kk YY t Q th=x x  and ( ) ( ), , , ,TT t Q th=x x  (2) 

where h  is the sample in conditional space of mixture 

fraction, Z. In this study, we ignore the spatial 

functionality of conditional means, viz.: 

( ) ( ), , ,
k kY YQ t Q th h=x  and ( ) ( ), , , .T TQ t Q th h=x  (3) 

This assumption is made on the basis that the 

developed model will be used for “weakly” stratified 

HCCI engine conditions. As a result, it is possible to 

omit the convective and diffusive terms of the CMC 



 

 

- 381 - 

equation (e.g. equation (5.8) in [2]) yielding a simpler 

governing equation for kth species in non-conservative 

form, viz. 
²2

2

|
k kY Y k

Q Q
N

t
h

h

w h

h r

¶ ¶
= +

¶ ¶

&
,(4) 

where ( )
² 2

|N D Zh h= Ñ  is the conditional scalar 

dissipation rate, hr  is the conditional density, and ² |kw h&  

is the conditional reaction rate. To avoid dealing with a 

moving grid in conditional space
1
, we use the method 

of Ref. [6] to transform (3) into a normalised form by 

defining a normalised conditioning variable as, 

( ) ( )min max min/Z Z Z Zx = - - , (5) 

leading to the following normalised CMC equation, 
²2

2

|
k k kY Y Y k

Q Q Q
v N

t
x x

x

w x

x x r

¶ ¶ ¶
= - + +

¶ ¶ ¶

&
, (6) 

with, 

( ) ( )max min
max min1 /

Z Z
v Z Z

t t
x x x

æ ö¶ ¶ ÷ç= - + - -÷ç ÷çè ø¶ ¶
, (7) 

and, 

( )
2

max min/N N Z Zx h= - , (8) 

where maxZ  and minZ  are the extremes in mixture 

fraction space at the current time step. 

 

2.2 CMC Solver 
 

OpenFOAM (Open source Field Operation and 

Manipulation) is a finite-volume implicit 

Computational Fluid Dynamics (CFD) package 

developed in the C++ language. What follows is the 

two-way coupling of the CMC model to OpenFOAM: 
 

Step 1. Inputs from CFD 

Temperature, pressure, density, enthalpy, and 

mixture fraction are calculated in the CFD domain and 

passed to the CMC solver. A search algorithm is 

devised in the CMC solver to construct variables in 

CMC bins. Depending on the population of CFD cells 

falling in each bin, a bin-weighted averaging updates 

conditional temperature, pressure, and enthalpy
2
. An 

accurate spline interpolation algorithm with zero 

deflection at boundaries is used for the bin interpolation 

algorithm. Also, vx  and N x  are calculated using (6) and 

(7). The /Z t¶ ¶  terms in (6) are updated by a 1
st
 order 

backward difference estimation. 
 

Step 2. Solving the CMC equation 

Equation (5) is discretised using a finite 

differencing scheme in the x  space and is solved using 

Strang’s fractional time-stepping [7]. The reaction rate, 
² |kw x& , is obtained using first order closure assumption. 

A fourth order explicit Runge-Kutta approach is used to 

integrate ² |kw x&  in stiff fractional steps. 

First order upwind and second order central 

differencing schemes are used for convective and 

                                                           
1 This approach is convenient for applying boundary conditions of (6) 
2 ² |T x  and ² |p x  are needed to integrate ² |kw x&  in (6). 

diffusive terms of (5) respectively
3
. The left hand side 

of (5) is discretised by a 1
st
 order backward 

differencing scheme, and the resulting tridiagonal 

system is solved using a built-in linear solver in 

OpenFOAM. 

The conditional temperature, ² |T x , is updated after 

non-stiff fractional steps by iterative solution of the 

following equation, 

²( ),

1

. |
specie

k

N

h Y h k

k

Q Q Q T x
=

= å , (9) 

where hQ is the conditional enthalpy (sensible + 

chemical) in normalised space. 
 

Step 3. Outputs to CFD 

The ² |kY h ’s only, and not ² |T x , are sent back to 

CFD domain using a Dirac-delta
4
 Probability Density 

Function (PDF)
5
. Again the cubic spline interpolation is 

used for populating CFD cells with their mass fractions. 

The temperature is updated using unconditional version 

of (8) in CFD domain once the enthalpy transport 

equation is solved. This makes the CMC model fully 

coupled with two way communications with CFD 

domain. The approach is fully compressible in the CFD 

domain similar to Ref. [4], but pressure fluctuations are 

not considered in the CMC domain. 
 

 
 

Fig. 1. Initial stratifications in mixture fraction for case 3 (

rms 0.010z = ). 
 

2.3 DNS Solver 
 

To validate the CMC solver, S3D, a Fortran finite-

difference explicit DNS solver developed at the 

Combustion Research Facility at Sandia National 

Laboratories [9] is used. The initial velocity field is 

generated using a 2D Passot-Pouquet spectrum for the 

turbulent kinetic energy. This initial field has an 

integral length scale of 0.8 mm and velocity root mean 

square (RMS) of 0.63 m/s. The fluctuations in mixture 

fraction (see Fig. 1) are generated using the analogous 

Passot-Pouquet spectrum with a dominant length scale 

of 1 mm. 

 
2.4 Test Cases 

                                                           
3  Note that 0N x =  on the boundaries. Also since min / 0Z t¶ ¶ > , at 

0x =  we will have an outgoing wave 0vx < . Also since max / 0Z t¶ ¶ <  

it leads to an outgoing wave 0vx >  at 1x =  as well. This means we 

don’t need a boundary condition for the convective term. 
4 Use of the Dirac-delta PDF is justifiable in the present case because 

of the limited range of scales in the DNS. In practical cases, a 
standard beta-function approach would be used. 
5 ² |T x  is only needed to correctly integrate the ² |kw x&  in (6). 
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A two-dimensional 3.2mm by 3.2mm domain with 

periodic boundary conditions in all directions is used 

for all the DNS and CMC simulations. The grid size of 

640´ 640 and 160 ´ 160 are used for the DNS and the 

CMC model, respectively. The conditional space is 

divided into 80 CMC bins.  
 

Table 1  Stratification levels in four cases studied. 
 

Case 1 2 3 4 

RMS of mixture 

fraction fluctuations, 

rmsz  
0.001 0.005 0.010 0.015 

In all four cases considered in this study (details in 

Table 1), the mean equivalence ratio is taken to be 0.3 

corresponding to a mean mixture fraction of 0.02 

representing lean mixtures typical of HCCI 

combustion. Initial temperature and pressure in all 

cases are 850 K and 40 atm, respectively. A reduced 

58 species mechanism for n-Heptane including 387 

reactions [8] is used in both DNS and CMC. 

 
 

Fig. 2.  Mean temperature as predicted by DNS and CMC 

3. Results 

The temporal histories of averaged temperature 

over entire domain, °T , from both CMC and DNS 

solutions are plotted in Fig. 2. This could be regarded 

as a first-order measure as to the extent of agreement 

between DNS and CMC results.  

° /T T dV dVr r= ò ò  (10) 

It can be seen from Fig. 2 that for all four cases 

CMC results are in good agreement with DNS. As 

mixture stratification level increases, however, the 

deviations from the DNS become more prominent. 

The conditional mean of temperature, ² |T h , versus 

mixture fraction, Z, at several instants during both 

stages of ignition are shown in Fig. 3. A common 

feature of all four cases in Fig. 3 is that the CMC model 

fails to predict the boundaries of mixture fraction space 

correctly. It underestimates maxZ and overestimates minZ  

resulting in shrinkage of mixture fraction space 

compared with the DNS
6
. 

In cases 1 and 2, the overall shape of the curves 

predicted by the CMC is similar to those of the DNS. In 

cases 3 and 4, the CMC solver predicts a steep slope for 
² |T h  during the second stage of ignition, whereas that 

is not the case for the DNS. Furthermore, in case 4, a 

                                                           
6
 This is most likely due to small differences in the 

molecular transport models. For the purposes of the 

present work, investigation of this point is set aside in 

order to focus on modelling of reaction rate. 

more prominent disagreement between the CMC and 

DNS results is observed compared with the other cases. 

In Fig. 4, the CMC results for case 3 are compared 

with the DNS data more comprehensively for some 

instants during the second stage of ignition. As can be 

seen in Fig. 4.(a), except for t=1.9ms, the fluctuations 

of temperature (black dots) around their conditional 

mean (red circles) are not negligible. Conditional 

fluctuations were also found to be significant in case 4 

(not shown). This points to a breakdown of the 

fundamental assumption of first order CMC in these 

cases. Further work is necessary to identify the cause of 

the generation of conditional fluctuations and thus 

determine the limits of applicability of the model a 

priori. Causes for conditional fluctuations may include: 

the propagation of premixed flames, local fluctuations 

in Damköhler number, or differential diffusion. In 

situations such as case 3 and 4 where conditional 

fluctuations are significant, more advanced approaches 

such as double conditioning or higher order closure 

may be necessary. 

Despite the mismatch in conditional space, 

comparison of the contours of temperature reveals, 

nonetheless, a reasonable agreement between the CMC 

and DNS results. Overall, flame structures are captured 

comparatively well in the CMC, even though there are 

ignition events which are advanced/lagged compared 

with the DNS at each time. 

4. Conclusion 

A fully coupled CMC model with mixture fraction 

as the conditioning variable is implemented in 

OpenFOAM, and the results are validated against DNS 

for a series of two-dimensional cases modelling 

mixture-stratified auto-ignition. Four levels of mixture 

stratification in an n-Heptane/air mixture with the 

initial mean equivalence ratio of 0.3 and mean 

temperature of 850 K are studied. The following are the 

key findings and outlook for future work: 

 The mean temperature over entire domain predicted 

by the CMC is in good agreement with the DNS 

for all four cases. 

 In all four cases studied, the CMC fails to accurately 

locate the boundaries of mixture fraction when 

compared against the DNS, suggesting further 

work is needed to ensure that transport models in 

both codes are identical 

 For rmsz = 0.001 and 0.005 (cases 1 and 2), the 

overall shape of the temperature curves in 

conditional space as predicted by the CMC match 

those of the DNS, suggesting that CMC can be 

used to model HCCI if the level of fuel 

stratification is sufficiently small. 

 For rmsz = 0.010 and 0.015 (cases 3 and 4), the CMC 

model suggests a steeper slope for ² |T h  compared 

with the DNS. Significant conditional fluctuations 

in the DNS appear to be the cause, and more work 

is needed to identify the reasons that these 

fluctuations appear so as to determine a region of 

validity for the model. 
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Fig. 3.  Temporal evolution of CMC and DNS solution for conditional temperature, ² |T h : (a) rms 0.001z = ; (b) rms 0.005z = ; (c) 

rms 0.010z = ; (d) rms 0.015z = . 

 

Fig. 4  Comparison of DNS and CMC results for rms 0.010z =  (case 3): (a) DNS temperature scatter plot; (b) CMC and DNS 

conditional temperature; (c) DNS temperature contours; (d) CMC temperature contours. 
 

 

 Despite the mismatch of the curves for ² |T h , the 

instantaneous temperature contours from the 

CMC are in reasonable agreement with those of 

the DNS for case 3. 
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Abstract 
 The negative impacts of combustion generated soot particles on human health and the environment are serious concerns for 

diesel engines. One of the primary engine control parameters to achieve low soot emissions is the fuel injection timing (i.e. 

combustion phasing). Typically the amount of soot emissions decreases when the injection timing is optimized due to lower soot 

formation in cooler flame or better prepared premix charge.. However, how the soot morphology changes with varying injection 

timings is not fully understood. To fill this gap, we conducted thermophoretic sampling of soot particles directly from the diesel flame 

and investigated the size and morphology of soot particles for various fuel injection timings. The sampled soot particles were imaged 

using a transmission electron microscope (TEM) and post-processed to obtain the number, projection area, and size distribution of 

soot aggregates and primary particles. The results show an expected trend of reduced number of soot particles, lower soot-covered 

area on the TEM image, and smaller size of soot aggregates for retarded injection timings. However, the primary particle size is found 

to be insensitive to the variations of fuel injection timing.  

 

Keywords: Diesel Engine, Automotive Size, Injection Timing, Soot Morphology, Radius of Gyration, Primary Diameter. 
 

1. Introduction 

Soot particles emitted from diesel engines have a 

negative impact on human health and the environment. 

Numerous studies have provided information on tailpipe 

emissions and in-cylinder concentrations of soot, which 

has helped develop low-sooting diesel engines (e.g. [1, 

2]). Another important parameter is soot morphology 

(e.g. particle size and structure) which is correlated with 

both a cardiopulmonary risk and carbon deposition on 

the combustion chamber walls [3]. Therefore, previous 

researchers conducted morphology analysis of soot 

particles that were sampled in the diesel engine exhaust 

[4, 5] or directly from diesel flames [6, 7]. Our recent 

works [8, 9] provided more practical information to the 

latter case by applying a thermophoretic “in-flame” soot 

sampling technique in a working diesel engine. In the 

present study, this newly developed soot sampling 

technique is used to investigate how the soot 

morphology is influenced by the fuel injection timing, 

one of the primary control parameters for soot reduction 

in modern common-rail diesel engines. The specific aim 

is to show the effect of injection timing on the number, 

projection area and size distributions of in-flame soot 

particles. 

2. Experiments 

2.1 Single-cylinder Diesel Engine 
 

 An optically accessible, single-cylinder diesel 

engine equipped with a common-rail direct-injection 

fuelling system was used in this study. Detailed engine 

specifications and operating conditions are listed in 

Table 1. Figure 1 shows a schematic diagram of the 

combustion chamber. The piston was modified to allow 

the insertion of a soot sampling probe into the 

combustion chamber without potential collisions with 

fast moving engine parts (e.g. intake/exhaust valves and 

piston). Heated water at 90
o
C temperature was delivered 

to the cylinder liner, engine head and engine block to 

simulate a warmed-up engine condition. Temperature of 

naturally aspirated intake air was measured at 30
o
C 

throughout the experiments and the engine speed was 

fixed at 1200 revolutions per minute (rpm) using a 37-

kW AC motor. The fuel used in the present study was 

ultra-low-sulphur diesel with a cetane number of 51. The 

engine was equipped with a Bosch second-generation 

 

Table.1 - Engine specification and operating conditions 

 

Displaced volume 498 cc (single cylinder)

Bore 83 mm

Stroke 92 mm

Compression ratio
17.7 (original)

15.2 (modified)

Swirl ratio 1.4

Coolant temperature 90°C

Intake air temperature 30°C

Engine speed 1200 rpm

Fuel Ultra-low-sulphur diesel

Cetane number 51

Common-rail Second-generation Bosch

Nozzle
Mini-sac, hydro-grounded, 

K1.5/0.86

Number of holes
7 hole (original)

1 hole (modified)

Hydraulic fuelling rate for 

7-hole nozzle
400 cc/30s at 10 MPa

Hole diameter 134 µm (nominal)

Included angle 150°

Injection pressure 70 MPa

Injection duration 2.34 ms (actual)

Injected mass per injection 9 mg

Injection timing -12° ~ -2°CA aTDC (actual)
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common-rail system and a solenoid injector which were 

electronically controlled by an injection and timing 

control unit (Zenobalti 5100). The original injector had a 

7-hole nozzle but six of them were blocked using a laser-

welding technique and therefore only one hole was left 

open (#7 in Fig. 1). At a fixed injection pressure of 70 

MPa and 2.34 ms of actual injection duration, the 

injected fuel mass was measured at 9 mg (per hole), 

which corresponds to upper-mid to high-load conditions. 

The injection timing, the parameter of interests of this 

work, was varied from -12 to -2 crank angle degrees 

after engine top dead centre (
o
CA aTDC). The 

combustion conditions were monitored by measuring in-

cylinder pressure using a pressure transducer (Kistler 

6056A). 

2.2 Soot Sampling 
 

As illustrated in Fig. 1, a half of the sooting diesel 

jet would penetrate into the bow-rim cut-out region and 

exposed to a 3-mm diameter carbon-coated TEM gird. 

The high temperature difference between hot soot and 

cold grid would induce the thermophoresis to cause 

deposition of soot particles onto the carbon film of the 

grid, which would freeze further soot oxidation and thus 

preserve the original morphology [10]. To collect 

enough samples for statistical analysis while preventing 

soot overloading on the grid surface, five injections were 

executed for selected operating conditions. Details of 

this approach, together with discussions on cycle-to-

cycle fluctuations, are found in ref. [8]. 

2.3 TEM Imaging and Particle Analysis 
 

A transmission electron microscope (JEOL 1400) 

with a point resolution of 0.38 nm and an accelerating 

voltage of 100 kV was used to analyse sampled soot 

particles. A CCD camera with a resolution of 11 mega 

pixels was used to digitise magnified soot particle 

images. For each TEM grid, seven different grid 

positions were imaged considering the variations in 

sampled soot particles with respect to the on-grid 

locations, similar to ref. [8]. The magnification was set at 

x50,000. These TEM images were then analysed using 

Matlab-based image processing codes. Measurements 

yielded the projection area, number of soot particles and 

size distributions for both soot aggregates and primary 

particles.  

3. Results and Discussions 

3.1 Combustion Conditions 
 

The cycle-averaged in-cylinder pressure traces and 

the corresponding apparent heat release rates (aHRR) for 

three different injection timings of this study are shown 

in Fig. 2. The figure shows that for the selected fuel 

injection timings, both peak in-cylinder pressure and 

aHRR decrease when the injection timing is retarded. 

Also, the aHRR curve appears to be flatter for more 

retarded injection timing, suggesting longer burn 

duration. For tested condition of this study, the retarded 

 

 
Fig. 1 - Schematics of the combustion chamber of the diesel engine. 

Engine modifications for soot sampling and sooting diesel flame 

development relative to the sampling probe are illustrated for the 

bottom-view and side-view orientations. 

 
Fig. 2 - Average in-cylinder pressure and corresponding apparent 

heat release rate (aHRR) traces versus crank angle degree after 

the top dead centre (oCA aTDC) for various fuel injection timings. 
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injection timing caused the combustion to occur at lower 

ambient gas pressure and temperature conditions (i.e. 

retarded combustion phasing), resulting in lower flame 

temperature [2]. 

3.2 TEM Images 
 

Figure 3 shows example TEM images for different 

injection timings. It is observed that the sampled soot 

particles have fractal-like aggregate structures comprised 

of many spherical primary particles, similar to those 

sampled in exhaust pipes [4, 5] and constant-volume 

combustion chambers [6, 7]. A noticeable trend is that 

the number of soot aggregates is lower for more retarded 

injection timing. It is also observed that gigantic soot 

aggregates (> 200 nm scale bar) are sampled for the 

early injection timings of -12 and -7
 o

CA aTDC, which 

are not seen in -2
o
CA aTDC case. 

3.3 Amount of Soot Sampled on the Grid 
  

To quantify the visual impression on Fig. 3, the 

number of soot particles (top) and soot projection area 

(bottom) are plotted in Fig. 4. As mentioned previously, 

multiple on-grid locations were imaged, which are 

indicated by multiple grey circles. The data 

corresponding to the selected TEM images in Fig. 3 are 

marked as red circles. The mean value of these multiple 

circles and error range (95% confidence) are shown as 

inverted triangles and vertical red bars, respectively. 

Figure 4 shows a certain degree of image-to-image 

fluctuations, likely due to the heterogeneous nature of 

diesel combustion [11]. While these variations are 

unavoidable and somewhat large for some cases, an 

overall trend is consistent with the observations from the 

images in Fig. 3. That is, both number of soot aggregates 

and soot projection area decrease when the injection 

timing is retarded. The reduction in the number of soot 

particles and projection area is likely attributed to the 

reduced flame temperature that suppresses soot 

formation [12].  

3.4 Soot Particle Size  
 

Soot particle size was quantified by measuring the 

radius of gyration (Rg) of soot aggregates and diameter 

of primary particles (dp). In this study, a total number of 

1683 soot aggregates and more than 25000 primary 

particles were processed to obtain probability density 

functions for both Rg and dp,. The results are shown in 

Fig. 5 and 6, respectively.  

Figure 5 shows that the mean Rg for -12
o
 and -7

o
CA 

aTDC injection timings are similar of around 35 nm. On 

the other hand, it reduces to approximately 30 nm for -

2
o
CA aTDC case. Also it is observed that the likelihood 

of gigantic-size aggregates (e.g. Rg > 100 nm) decreases 

for more retarded injection timing. Eventually, no soot 

aggregates larger than 100 nm was observed for -2
o
CA 

aTDC case. By contrast, small aggregates (e.g. Rg < 50 

nm) are more easily found for more retarded injection 

cases.  

It is interesting to note that the mean Rg in this study 

appear to be smaller than those measured from the 

exhaust stream of production engines (80~175 nm) [4, 

 
Fig. 3 – Example TEM images of the diesel in-flame soot particles for various injection timings. The scale bars of 200 nm are shown as red horizontal 

lines in the bottom-left corner of each image.  

 
Fig. 4 – The number of soot particles (top) and soot projection 

area (bottom) per each TEM image for various injection timings. 

Error ranges were estimated at 95% confidence.  
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200 nm 200 nm
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5]. The use of a bowl-rim cut-out piston and single-hole 

nozzle might cause this difference, not to mention the 

different fuelling systems and engine sizes.  Currently, 

we are conducting exhaust soot sampling at the same 

operating conditions of the in-flame soot sampling 

experiment to address this question.  

Figure 6 shows the pdfs of primary particle size for 

various injection timings. It is interesting to note that the 

average size of primary particles does not vary with the 

injection timing. The constant dp suggested that the 

reduction of Rg for more retarded injection cases (seen in 

Fig. 5) was due to the suppressed soot agglomeration. In 

other words, the nucleated primary particles [13] and 

small aggregates had lower chances to further 

agglomerate into larger aggregates due to the limited 

number of primary particles that were available to grow 

to aggregates. 

4. Conclusion 

Soot particles were sampled directly from sooting 

diesel flame in an automotive-size diesel engine. The in-

flame soot sampling was performed using the 

thermophoresis phenomenon and sampled particles were 

analysed using a transmission electron microscope 

(TEM). The TEM images were post-processed to obtain 

the number of soot particles, projection area, radius of 

gyration of soot aggregates and diameter of primary 

particles for various injection timings. The findings from 

this study are summarised as follows: 

 

1) For tested conditions of this study, more retarded 

injection timing results in lower peak in-cylinder 

pressure and apparent heat release rate, suggesting 

lower flame temperature. 

2) The number of soot particles and projection area 

decrease when the injection timing is retarded likely 

due to lower flame temperature and thus lower soot 

formation.  

3) The size of soot primary particles does not vary with 

the injection timings tested in this study. 

4) Soot aggregates are smaller for more retarded 

injection timing due to the suppressed 

agglomeration of primary particles. 
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Fig.5 - Probability density functions of radius of gyration (Rg) of soot 
aggregates for various injection timings. The mean values and error 

ranges are noted for all injection timings. 
 

 
Fig. 6 - Probability density functions of soot primary particle diameter 

(dp ) for various injection timings. The mean values and error ranges are 
noted for all injection timings. 
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Abstract 
 

Many previous studies have been devoted to the effect of wall impingement on diesel jet penetration. However, few of the 

previous works were carried out in practical engine environments, especially in automotive-size diesel engines where the jet-wall 

interaction is higher than in heavy-duty diesel engines due to shorter distance between the nozzle and piston bowl-wall. In this study, 

planar laser induced fluorescence imaging of fuel (Fuel-PLIF) was performed in an optically accessible, small-bore diesel engine to 

investigate the penetration of a wall-interacting diesel jet. The timing of the Fuel-PLIF imaging was varied from the start of injection 

to the point before the start of combustion, during which the jet penetrates towards the bowl wall (free-jet period) and then travels 

along the bowl wall after the impingement (wall-jet period). From the measurements, it is found that the tip penetration decelerates 

quickly after the start of injection during the free-jet period. A comparison with empirical correlations developed by Hiroyasu and 

Arai (1990) and Naber and Siebers (1996) suggests that the free-jet development occurs largely after the breakup (or transition) time. 

Also, it is observed that the jet tip penetration after the wall impingement is shorter than the penetration during the free jet period 

according to these correlations. Further analysis on the up-swirl side of the wall-interacting jet reveals that the swirl flow decelerates 

the radial penetration. However, the down-swirl side of the jet also shows a shorter penetration length than the free-jet, suggesting 

additional factors other than the swirl flow impacted the penetration. 

 
Keywords: Jet Tip Penetration, Planar Laser-Induced Fluorescence of Fuel, Jet-Wall Interaction, Automotive-size Diesel 
 

 

1. Introduction 

 

The jet-wall interaction in diesel engines has a 

significant impact on mixture preparation and 

combustion and therefore has been widely investigated 

[1-7]. In these studies, effects of important parameters 

such as wall temperature and nozzle-wall distance on 

the impingement were carefully analysed and resulted 

in many findings. However, most of these previous 

studies were conducted in high-pressure spray (or 

combustion) chambers where a simple plane wall was 

used. Moreover, the ambient temperature and pressure 

were held constant and the swirl flow was neglected, 

which were largely different to actual engine 

conditions. The present study aims to fill this gap by 

applying planar laser-induced fluorescence imaging of 

fuel (Fuel-PLIF) in an optically accessible, automotive-

size diesel engine where the short distance between the 

nozzle and bowl wall represents an extreme case of the 

jet-wall interaction phenomenon. From Fuel-PLIF 

images, the tip penetration lengths of wall-interacting 

jet were derived for both up-swirl and down-swirl sides 

of the jet, which were compared to empirical 

correlations developed for free-jet penetration [8-9]. 

 

                  2. Experiments 

2.1 Engine Setup and Operating Conditions 
  

 Figure 1 shows the engine setup and details of the 

laser-based imaging diagnostics. The engine 

specifications and selected operating conditions are 

listed in Table 1. The engine used was a single-cylinder 

version of a conventional small-bore diesel engine with 

83 mm bore and 92 mm stroke (497.5 cm
3
 displacement 

volume). The combustion chamber was bounded by the 

flat fire-deck, cylinder liner, and cylindrical bowl-

piston. In the fire-deck, two intake valves and two 

exhaust valves were placed together with a centrally 

located injector. The engine was modified to allow for 

side and bottom-view optical accesses into the 

combustion chamber. Also, a portion of the piston-bowl 

rim (33-mm wide) was removed for laser-sheet 

insertion into the bowl region where the jet 

development occurs. Accounting for this piston bowl-

rim cut-out, a geometric compression ratio was 15.2. 

The single-cylinder engine was naturally aspirated and 

had a fixed nominal swirl ratio of 1.4 (i.e. the mean 

radial velocity is nominally 1.4 times of the mean 

piston speed). For thermal stability and repeatability, 

the intake air temperature and coolant temperature were 

held constant at 363 K and 303 K, respectively. 

Conventional ultra-low sulphur (ULSD) diesel fuel 

with cetane number of 51 was delivered using a 

second-generation Bosch common-rail injector. The 

injector was modified by welding six of a total of seven 
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holes blocked, leaving only one hole open. This was to 

isolate the wall-interacting jet from complex jet-jet 

interactions. It also allowed for prolonged injection 

duration of 2.36 ms at 70 MPa injection pressure to 

induce jet-wall interaction during the injection event, 

without causing damages to the optical parts. The 

injection timing and engine speed were fixed at 7 

crank-angle degrees before top-dead-centre (
o
CA 

bTDC) and 1200 rpm, respectively, throughout the 

experiments. The fuel injection was executed at every 

10
th

 cycle (skip-fired) to reduce residual gases as well 

as to minimise the thermal loading on the optical 

windows. The crank-angle-resolved in-cylinder 

pressure was recorded using a piezoelectric pressure 

transducer (Kistler 6056A) for 20 fired cycles and the 

average value was used to calculate the apparent heat 

release rate. 

2.2 Fuel-PLIF Diagnostics  
 

The laser beam to induce the fluorescence signal 

was emitted from a dye laser (Sirah Cobra-Stretch) 

which was pumped by a frequency-doubled (532 nm) 

Nd:YAG laser (Spectra Physics Quanta-Ray Pro-230). 

The laser beam was then converted into a thin sheet 

(~500 µm thickness) using a series of cylindrical 

lenses, which was inserted horizontally into the 

combustion chamber as shown in Fig. 1. This thin laser 

sheet positioned at 10 mm from the fire-deck induced 

fluorescence signals in a slice of the diesel jet. 

Considering a high included angle of 150
o
 and the jet 

spreading angle of 13.5
o 

(as measured from the PLIF 

image), this slice could be used to estimate the tip (or 

maximum) penetration of the target diesel jet. The 

chosen wavelength from the dye laser was 284 nm, 

typically used for OH-PLIF measurements. A multi-

component diesel fuel used in this experiment contains 

many species, especially the aromatics, which yields 

very strong fluorescence signals under any UV 

excitation. Hence, the excitation wavelength is not very 

critical in this study. The fluorescence signal was 

captured using an intensified charged coupled device 

(ICCD) camera (LaVision Nanostar) equipped with a 

105-mm, f/4.5 UV lens. The intensifier gain was set at 

70% with 300-ns camera shutter to optimise the signal 

intensity as well as image clarity. Fuel-PLIF images 

were taken at various crank locations and at each 

location, a total of 20 images were taken to address the 

inherent cycle-to-cycle variations.  

2.3 Image Processing and Data Analysis 
 

Besides the fluorescence images taken for the 

fired cycles, images of the non-firing cycles of the same 

engine run were also captured for the background 

correction. The Fuel-PLIF images then were post-

processed using in-house developed MATLAB codes 

for boundary detection, which was used for the tip 

penetration calculation. Upon the wall impingement, 

the jet was split into two: one up-swirl half and one 

down-swirl half, corresponding to the direction of the 

in-cylinder swirl flow. Then the tip penetration lengths 

of the up-swirl and down-swirl jet were estimated using 

the known radius of the piston bowl and the radial 

penetration distance along the bowl wall. Finally, the 

measured tip penetration was corrected for the included 

angle of 150
0
. 

3. Results and Discussions 

3.1 In-cylinder Pressure, Apparent Heat 
Release Rate and Averaged Fuel-PLIF Images 
 

Figure 2 contains the ensemble-averaged in-

cylinder pressure traces of motored cycles (black line) 

and fired cycles (yellow line). This averaged pressure 

 
 

        Figure 1 Optical engine and Fuel-PLIF imaging setup 

   

 Table 3 Engine specifications and operating conditions 
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trace was used to calculate the apparent heat release 

using the first law of thermodynamics as shown in the 

bottom-left corner of the figure. Fuel-PLIF images that 

are averaged over 20 images at a given crank angle 

location are also shown on the right. The circular 

markers on the traces of in-cylinder pressure and 

apparent heat release indicate the crank angle locations 

at which Fuel-PLIF imaging was performed. The five 

red-filled circles correspond to selected images shown 

on the right. 

Figure 2 also indicates that the Fuel-PLIF images 

were taken during the ignition delay period, i.e. 

between the start of injection and the start of 

combustion. Although the experiments were performed 

for fired engine cycles, this setup allowed for the 

measurement of tip penetrations for a vaporising but 

non-reacting diesel jet under the influence of jet-wall 

interaction. From the Fuel-PLIF images, it is notable 

that the jet travels freely (i.e. without wall 

impingement) until 3.7 crank angle after the start of 

injection (
o
CA aSOI) and then the wall impingement 

occurs as evidenced by radial jet development along the 

bowl-wall shown in the images after 7.7
 o

CA aSOI . 

One interesting trend observed in these images is that 

upon the wall impingement, the tip penetration length 

of left half of the jet appears to be shorter than that of 

right half of the jet. This was due to the in-cylinder 

swirl flow that was in a clockwise direction in the given 

field of view. This makes an interesting contrast to the 

free jet period (i.e. before the jet-wall impingement) 

during which the jet shows negligible influence of the 

swirl flow possibly because the high near-nozzle 

injection momentum outperformed the swirl flow.   

3.2 Jet Tip Penetration Length 
 

Figure 3 shows the tip penetration length of both 

up-swirl (top) and down-swirl (bottom) sides of the jet 

for various times aSOI. The jet penetration lengths 

derived from all individual fired cycles at a given time 

aSOI are plotted as black circles to demonstrate the 

level of cycle-to-cycle variations. Overall, the jet tip 

penetration shows a linear increase right after the start 

of injection but quickly slows down even before the 

wall impingement at ~0.45 ms aSOI. The tip 

penetration shows further deceleration upon the 

impingement on the bowl wall and thereafter. As 

mentioned previously, the data were taken during the 

ignition delay period and therefore the tip penetration 

measurement was not affected by the combustion. Also 

it should be noted that the measurement was made 

during the injection event, meaning there was a 

continuous injection momentum drive even after the 

jet-wall impingement.   

Also shown in Fig. 3 are the emprical correlations 

developed for the free diesel jet (i.e. without wall 

impingment) by Hiroyasu and Arai [8] (red lines) as 

well as Naber and Siebers [9] (blue lines). From their 

early works on the tip penetration of non-vaporising 

 

 

 
 

Figure 2 In-cylinder pressure trace, apparent heat 

release rate and Fuel-PLIF images. Data are an 

ensemble average of 20 cycles. 

 

 

 
 

Figure 3 Jet tip penetration length of up-swirl jet 

(top) and down-swirl jet (bottom) 
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diesel sprays, Hiroyasu and Arai developed two 

equations for the tip penetration S: one before the 

breakup (Eq. 1) when the liquid core dominates the tip 

penetration and the other after the breakup (Eq. 2): 

S =     √ 
(     )

  
     (1) 

S =     √√
(     )

  
        (2) 

where (Pf -Pa) is the pressure drop across the nozzle; ρf 

and ρa are densities of the fuel and ambient air, 

respectively; do is the nozzle-hole diameter; and t is the 

time aSOI. It is notable that S is linearly proportional to 

t before the breakup but is proportional to t
1/2 

after the 

breakup. These correlations were further updated by 

Naber and Siebers [8] to take into account of important 

nozzle parameters such as the velocity coefficient Cv, 

area coefficient Ca and spreading angle θs. Naber and 

Siebers [9] also developed two equations for the pre-

transitional period (or breakup, Eq. 3) and post-

transitional period (Eq. 4) as follows: 

 S =   √ 
(     )

  
     (3) 

S =  √
   √(    )

      (   )
√√

(     )

  
                     (4) 

In Fig. 3, lines corresponding to Eqs. 1~4 are 

plotted using the measured in-cylinder pressure and 

known nozzle details of the injector. The first 

noticeable trend is that while Hiroyasu and Arai [8] and 

Naber and Siebers [9] appear to be different in the pre-

breakup lines (solid), none of them show a match with 

the measured data. By contrast, the post-breakup lines 

(dash-dot) are similar between Hiroyasu and Arai [8] 

and Naber and Siebers [9] and both show a better 

agreement with the measured data during the free-jet 

period (i.e. from 0 to 0.45 ms aSOI). This suggests that 

the diesel jet in the present study has a very limited 

period of liquid-core-driven penetration. It develops 

largely after the breakup, which is expected considering 

small 134-µm hole diameter and high 70 MPa 

common-rail pressure. 

Figure 3 shows that once the jet-wall interaction 

begins to occur, the measured penetration lengths are 

lower than the free-jet empirical correlations. For the 

up-swirl side of the jet, one can expect that the swirl 

flow decelerated the jet penetration and resulted in the 

shorter penetration. However, the penetration lengths of 

the down-swirl side of the jet also appear to be lower 

than the correlations from Hiroyasu and Arai [8] and 

Naber and Siebers [9]. If the swirl flow was the only or 

most dominant factor in determining the jet penetration 

upon the impingement on the wall, the down-swirl side 

of the jet should have shown higher penetration lengths 

than the estimated free-jet penetrations. This suggests 

there were other factors impacting the wall-interacting 

jet penetration. For example, a friction loss occurring 

during the jet-wall impingement might decrease the 

penetration rate due to the reduced kinetic energy. 

Another parameter of consideration is a change in the 

jet structure due to the jet-wall interaction. For instance, 

it has been found that large vortices are formed in the 

jet head region [6-7, 10], which might decelerate the jet 

penetration. 

4. Conclusions 

The effect of wall impingement on the tip 

penetration length of diesel jet has been investigated in 

an automotive-size optical engine. Using Fuel-PLIF 

imaging, the jet tip penetration length of a wall-

interacting diesel jet is measured for various times after 

the start of injection. The measured data is compared to 

empirical correlations developed for free jet 

penetrations. The major findings of this study can be 

summarised as follows: 

 

 For given conditions of this study, the jet tip 

penetration inside the engine cylinder occurs 

largely after the breakup. 

 Upon the impingement on the bowl wall, the 

penetration length of the up-swirl side of the jet is 

shorter than that of the down-swirl side of the jet 

suggesting the strong influence of in-cylinder swirl 

flow on the tip penetration of wall-interacting jets. 

 The up-swirl side of wall-interacting jet has a 

shorter penetration length than the free jet likely 

due to the swirl flow in the opposing direction of 

jet penetration. However, the penetration length of 

the down-swirl jet that is in the same direction of 

swirl flow also shows a shorter penetration length 

than that of the free jet, suggesting additional 

factors should be considered to fully explain the tip 

penetration of wall-interacting diesel jet inside the 

engine cylinder.    
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Abstract 
This paper examines the flame appearance, non-reacting and reacting spray of ethanol, a short and a medium carbon chain length 

biodiesel in a co-flow burner using digital images and Phase Doppler Anemometer (PDA). The effects of fuel chemical structures on 

flame luminous location, dispersion level, number droplet distribution, and droplet velocity decay rate are investigated. Some 

differences in luminous locations in the flames of these fuels are observed. The medium chain length biodiesel shows the lowest 

luminous locations in all flame conditions; at the dense spray zone, the short chain length biofuel has the highest luminous locations 

while this belongs to ethanol at the dilute spray zone. Non-reacting spray dispersion levels of the medium chain length biofuel are 

higher compared to those of its counterparts. Velocity decay rates of non-reacting droplets are much higher with respect to those of 

reacting ones, especially at downstream locations.    

 
Keywords: Biodiesels, sprays jets, spray flames 
 

 

1. Introduction 

Spray combustion is employed in numerous 

practical systems such as boilers, internal combustion 

engines, and rocket engines where the liquid is injected 

into the hot environment of the combustion chambers. 

Small droplets are expected to form in order to increase 

surface areas and therefore the mass transfer rate from 

liquid to gaseous phase. The greater transfer rate will 

result in the better mixture quality therefore better 

ignition and higher combustion efficiency. Forced or 

auto-ignition, is a transient process which is directly 

relevant to flame stability, combustion efficiency and 

emission of pollutants [1-3]. The focus of this paper is 

on the auto-ignition of sprays that are relatively dense so 

that the boundary conditions include non-spherical 

droplets in close proximity.   

The burner geometry adopted in this paper is similar 

to that used earlier for studying auto-ignition of gaseous 

fuels [4-5]. The hot co-flow provides a vitiated high 

temperature medium that simulates engine environment, 

albeit at atmospheric pressure. Using the same burner 

geometry for studying the auto-ignition of dilute sprays, 

techniques such as Phase Doppler Anemometry (PDA), 

Mie scattering and laser induced florescence (LIF) were 

applied [6]. Joint imaging of LIF-OH and LIF-CH2O, 

has led to the identification of reactive kernels were 

deemed to be largely responsible for auto-ignition and 

the initiation of intense heat release zones further 

downstream in the flames [6]. 

With the advent of renewable fuels, such as 

biodiesels and alcohols, it is important to develop an 

understanding of the effect of their physical and 

chemical properties on atomization, combustion, and 

emissions. Biodiesels are mixtures of fatty acid methyl 

(or ethyl) esters derived from vegetable oils, animal fat, 

or algae by transesterification with the aids of methanol 

(or ethanol) as a solvent to lower the viscosity and 

surface tension sufficiently to enable adequate 

atomisation of the sprays in compression ignition 

engines [7]. A key feature of biodiesels, which makes 

them different from conventional petro-diesel, is the 

oxygen-bound in the fuels. While there are always two 

oxygen molecules in one fatty acid ester, the oxygen 

content in the biofuels depends on the fatty acid ester 

profile, specifically carbon chain length and unsaturation 

level. Recently, a range of biodiesels with different chain 

length and unsaturation degrees (including two 

biodiesels used in this work) have been studied in a 

heavy duty compression ignition engine [8, 9]. The 

results show that the chemical structure of the biofuels 

significantly affect indicated mean effective pressure - 

IMEP, cyclic variations, and engine emissions especially 

particle mass and number concentrations.  

Parallel studies of biodiesels have focussed on two 

others aspects: (i) the primary and secondary atomisation 

with a particular focus on the effects of fuel properties 

[10-12] and (ii) the auto-ignition of various liquid fuels 

in a hot, vitiated co-flows with a focus on issues such as 

pre-ignition, ignition delay, and ignition kernels. In this 

contribution, the air-blast atomiser is used to characterise 

non-reacting and reacting flows including size 

distributions, volume fluxes, and velocity of the droplets 

using a PDA. Preliminary results are also presented for a 

range of flames in terms of physical appearance and 

luminous reaction zones.  
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2. Experimental Setup 

2.1 Burner Detail 
 

The multi-stage (effervescent, air assisted, and swirl 

ports) co-flow burner design adopted in this study has 

been introduced elsewhere [11]. The aims of this design 

is to investigate pseudo-dense sprays in non-reacting and 

reacting modes such that the full range of the liquid 

behaviors including atomization and auto-ignition can be 

examined. Pseudo-dense sprays refer here to some 

intermediate densities where the spray is not dilute yet 

not fully dense with a liquid core. In this work, only the 

air assisted stage of the atomizer is used since the 

resulting droplet size distribution is found to be adequate 

for the studied biodiesels. A schematic of the burner is 

shown in Fig. 1. Liquid fuel is injected through the 

500µm diameter orifice and the primary atomization of 

the liquid jet takes place with the aid of a co-axial air 

flow. The mixture of fuel-air is then supplied to the 

burner’s exit plane through a 10mm diameter nozzle. 

Premixed hydrogen and air mixture is used for the hot 

co-flow at an equivalence ratio of 0.46 which 

corresponds to an adiabatic temperature of 1,600 K. The 

measured co-flow temperature is 1,306 K and the 

difference is due to heat losses from the burner. The 

burnt velocity of the co-flow has been kept constant at 

approximately 3.5m/s as estimated based on the un-burnt 

co-flow velocity, the stoichiometry of the hydrogen/air 

mixture and the adiabatic co-flow temperature. 

 

 
Figure 1: Schematics of the pseudo-dense spray 

auto-ignition burner. 

2.2 Fuel Selection and Testing Condition. 
 

Three oxygenated fuels are tested here including 

ethanol and two saturated biodiesels. Both biodiesels 

(namely B1 and B2) are almost fully saturated and their 

average carbon chain lengths are 9.5 (short) and 15 

(medium), respectively. Only selected properties of these 

fuels are presented in Table 1 while the remaining 

properties can be found in our previous works [8, 9]. 

Table 1: Selected fuel properties 
 B1 B2 Ethanol 

Average chemical 

formulae 

C9.5H19O2 C15H28O2 C2H5OH 

Viscosity (Pas) 0.00199 0.00434 0.0013 

Surface tension [N/m] 0.025 0.033 0.024 

Density [kg/m3] 877 871 789 

Boiling point  [oC] 190 >150 78.4 

 

In another paper presented at this symposium [10], 

the stability characteristics of the flames stabilised on the 

same burner are presented along with some 

measurements of the droplet fields in flames of ethanol 

fuel. Complementary measurements are reported for 

biodiesels. Four target spray conditions are investigated 

including one dilute spray (Di1), two dense sprays (De1 

and De2) and one in the transient area (th) between the 

dense and dilute zones. Details about the dense and 

dilute zones and also the valid cone in this burner can be 

found in our earlier work [11]. Fuel flow rates, air fuel 

ratios, and jet velocity corresponding to the four selected 

target sprays are presented in Table 2. So far, the 

reacting cases have been done for all fuels while the non-

reacting ones are only being tested for ethanol and fuel 

B2. Radial profiles are collected at six axial locations 

(x/D = 0, 3, 5, 10, 15, and 20; where D is the nozzle 

diameter at the exit plane) and photographs of the target 

flames are also taken to visualize the flame luminous 

locations. It is important to note that the x/D = 0 location 

actually should be read as x/D = 0.8.  

 

Table 2: Target spray conditions (for both non-reacting 

and reacting cases) 

Spray Fuel flow rate (kg/min) F/A Ujet (m/s) 

De1 0.06  0.184 57 

De2 0.06 0.221 48 

Di1 0.046 0.095 57 

th 0.06 0.156 68 

3. Result and Discussion 

The flame appearance of all four target spray 

conditions is presented in Section 3.1 followed by 

droplet velocity profiles, total number droplet 

distribution, and volume fluxes but only for one dense 

spray case, De1.  

3.1 Flame Appearance 
 

 
 

Figure 2: Left to right: photographs of B1, B2 and 

ethanol flames (spray De1). 

Digital images of flame De1 are shown in Fig. 2 for 

B1, B2, and ethanol, from left to right, respectively. The 

six measurement locations are also indicated in this 

figure. Three different zones in the flames can be 

visualized clearly through their luminous levels. The 

most luminous zone is located in the core and starts 
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between x/D=15 to 20. It is surrounded by a less 

luminous zone which extends from about x/D=10 to 15. 

Finally, these two zones are surrounded by a light blue 

zone which can be observe right after the exit plane 

between x/D=0 to 5. While these luminous zones do not 

necessarily represent flame lift-off heights, they provide 

a simple measure of the qualitative features of these 

flames. 

Fig. 3 shows the height (L) of the starting locations 

of the first luminous zones normalized by the jet 

diameter (D) for all fuels. The locations change quite 

significantly amongst these three fuels. Case B2 always 

shows the lowest luminous locations; at the dense spray 

zone, B1 has the highest luminous locations while this 

belongs to ethanol at the dilute spray zone. Auto-ignition 

characteristics are quite complex and depend on various 

factors such as atomization, evaporation, mixing quality, 

and ignition delay. While the effects of these factors are 

not quite clear, it is important to note from our earlier 

work in a compression ignition engine [8, 9] that fuel B1 

has longer ignition delay compared to fuel B2. 

Additionally, there is no doubt that ethanol is a low 

cetane number fuel (RON of ethanol is 108.6 [13]). 

Chemiluminescence, OH-LIF, CH-LIF, and HCHO-LIF 

information for these flames could be useful to identify 

the pre-ignition and ignition zones as well as to quantify 

the flame lift-off height and ignition delay. 

 

 
Figure 3: Nomination of the first luminous starting 

location (L) of the flames by the nozzle diameter (D) 

3.2 Droplet Velocity Profile  
Mean velocity profiles of small droplets (d=0-

10μm), big droplets (d = 40-50μm), and all size droplets 

at three axial locations (x/D = 0, 10, and 20) are shown 

in Fig. 4 for fuel B2 (left) and ethanol (right). The 

profiles of the reacting spray are in red while those for 

non-reacting cases are in blue. In this graph and also for 

others, index ‘h’ represents for ‘hot’ (or reacting) while 

‘c’ stands for ‘cold’ (or non-reacting). 

Comparison between the small and big droplets 

shows that the small droplets move faster upstream but 

slower at downstream location. At x/D = 0, the velocity 

profiles show a depression on the centreline due to the 

existence of long filaments and big droplets which 

modulate the gas phase velocity. The PDA detects few 

small droplets breaking off from the filaments which are 

moving slowly at the exit plane. This effect disappears as 

the spray fully develops either at the shear layer or 

further downstream. Two local peaks appeared around 

the jet edge (r/D = ±0.5) indicate that the spray here is in 

an equivalent fully developed region. At this region, the 

spray becomes more dilute compared that at the 

centreline, therefore, the gas phase velocity is able to 

fully develop. At some points, the increase in velocity 

stops and it drops again to outer radial locations.    

The flames show slightly higher velocities towards 

the edge due to the acceleration of hot combustion 

products. At x/D=10 and 20, the difference in decay 

rates between reacting and non-reacting cases is clear for 

B2 and ethanol at full range of radial locations. This 

difference is further highlighted in Fig. 5 which shows 

the centreline (r/D = 0) velocity decay rates at all axial 

locations. The velocity decay is much faster in the non-

reacting cases with the velocity dropping to 20m/s at 

x/D=20 compared to 50m/s for the flames at the same 

axial location. 

Figure 4: Radial profiles of mean velocity of d=0-10um, 

d = 40-50um, and all size droplets at three axial locations 

(From bottom to the top: x/D = 0, 10, and 20) for B2 

(left) and E (right) 

 
Figure 5: Central line velocity decay rate for non-

reacting and reacting sprays of B1, B2 and ethanol  

 

3.3 Total Droplet Number Distribution 
Fig. 6 shows the total droplet number density in 

non-reacting jets of B2 and ethanol fuel (left fig.) and in 

flames for all fuels (right fig.) at three axial locations of 



 

 

- 395 - 

x/D=0, 10, and 20. At the exit plane, the number of 

droplets in the flames is only slightly higher in non-

reacting jets. Further downstream, the non-reacting spray 

is more dispersed compared to the reacting one. At x/D = 

10, the peak at the number droplet at the radial central 

line is the same for both non-reacting and reacting spray, 

but non-reacting droplets can still be observed even with 

r/D exceeds ±1.5. At x/D = 20, the number distributions 

of the reacting droplets are almost flat and much lower 

compared to that of the non-reacting spray. This is 

expected as the droplets are much easier to vaporize in 

the hot environment and the small droplets are 

‘consumed’ by the flame. 

                      

 
Figure 6: Total particle number: non-reacting spray 

(left) and reacting spray (right) 

 

3.4 Volume Flux  
Volume flux measurements are derived from the 

velocity and diameter obtained from the PDA. Volume 

flow rate can be obtained by integration of the volume 

flux over the corresponding radial sectional area. While 

the density of the hot droplets depends on both radial and 

axial locations because of different temperature in the 

hot spray zone, normalizations of the volume flow rates 

at different axial locations to the maximum values 

obtained amongst these locations can be a good indicator 

of evaporation levels. Fig. 7 shows the normalizations 

for the reacting (continues curves) for all fuels and 

reacting (dash curves) sprays for B2 and ethanol.  

 
Figure 7: Normalised total liquid flow rate as a function 

of axial position for ethanol and biofuels B1 and B2 

 

As can be seen from Fig. 7 that the normalized flow 

rates are close between the non-reacting and reacting 

cases for each individual fuel at axial locations from 

x/D=3 to 10. The reacting flow rate of B2 starts to drop 

sharply and separate from its non-reacting counterpart at 

x/D = 10, this happens with ethanol further downstream 

at x/D = 15. It is noted that this is in agreement with the 

visual appearance of the flame showing the lowest 

luminous locations of fuel B2 compared to ethanol as 

discussed earlier in Section 3.1.    

The normalized flow rate of non-reacting spray for 

B2 at downstream locations should be around 1 as the 

biodiesel has a high boiling point (>150
o
C) and can be 

assumed to be non-vaporizing at room temperature. 

However, the normalized flow rate of B2 cold spray 

decreases to 0.85-0.9 at x/D = 15 and 20.  

4. Conclusion 

Luminous reaction zones marking the initiation of 

heat release in auto-igniting sprays are measured along 

with droplet fields in jets and flames of different fuels. It 

is found that the biodiesel with medium chain length 

(B2) shows the earliest luminous zone compared to 

ethanol and a short chain length biodiesel (B1). The 

droplet fields are somewhat similar regardless of the fuel 

type indicating that chemical kinetics, rather than 

physical processes play a dominant role in these flames. 

The velocity decay rate of the cold sprays is fast 

compared to that measured in flames.  
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Abstract 
A numerical study was conducted to understand interactions of wall-bounded flow and combustion in a small-bore, common-rail, 

direct injection diesel engine. The piston bowl was modified by cutting out a section of the bowl wall and the spray was targeted at the 

corner of the cut-out such that one side of the jet was “free” (not impinging upon the bowl wall; free-jet side) while the other side of 

the jet impinged upon the bowl wall (wall-jet side). A reduced n-heptane reaction mechanism was used to simulate direct injected 

diesel combustion. The mechanism was appended with electronically excited hydroxyl radical (OH*) reaction steps in order to 

qualitatively simulate chemiluminescence. The simulations showed that the combustion induced dilatation flow played a major role 

in the transport of hot combustion products towards the fuel-air mixture jet. As observed in the experiment, the simulations predicted 

shorter flame base height on wall-jet side compared with the height on free-jet side. 

Keywords: Flame base height, OH chemiluminescence, OH*, OpenFOAM, Wall impingement. 
 

1. Introduction 

Recent trends in diesel engine technology towards 

lower flame temperatures have resulted in flame lift-off 

lengths that are relatively longer than previous 

generations of engines. In the automotive sector, there 

have also been trends towards downsizing. Both factors 

lead to wall interactions becoming an important feature 

of the combustion and emissions formation processes. 

Dec’s conceptual model of diesel combustion in a 

situation free of walls [1] suggests that soot formation 

takes place in a rich premixed combustion region near 

the leading edge of the flame, which is enveloped by a 

diffusion flame. Experiments from Dec and Tree [2] 

showed that wall impingement of the reacting fuel-jet 

flattened the diffusion flame, which led after a short time 

to local extinction of the flame and soot deposition was 

observed. In another experiment on a confined jet, it was 

shown that re-entrained combustion products into the jet 

reduced the flame lift-off length and increased soot 

formation [3]. 

The effect of bowl-spray interactions on emissions 

was numerically studied in a premixed charge 

combustion mode [4] and in a conventional combustion 

mode [5]. In another numerical study, jet-jet and jet-wall 

interactions originating from a bowl-geometry effect 

were investigated [6]. In an attempt to better understand 

flame-wall interactions, a recent experimental study has 

been performed in an optically accessible, automotive-

sized diesel engine [7]. A novel piston bowl geometry 

was employed in which a section of the bowl wall was 

cut out (see figure 1). A single fuel spray was then 

targeted at the edge of the cut-out region so that one side 

of the spray impinged upon the bowl wall while the other 

side was free to penetrate further downstream up to liner-

wall. This bowl geometry modification has provided an 

opportunity to investigate the effects of two different 

scenarios of jet-wall interactions simultaneously. This 

was compared to a case where the single fuel jet was 

targeted away from the cut-out region, thus representing 

the normal situation of spray impingement onto the bowl 

wall. The study found that the length from the injector to 

the flame was greater on the free-jet side of the jet 

directed at the cut-out as compared with both that on the 

wall-jet side of that jet and that of the fully wall-directed 

jet. Also noted was a decrease in time of the length to the 

flame which was hypothesized to be due to entrainment 

of hot products into the jet. The present work 

complements this experimental work by modelling the 

case of the cut-out directed jet. Although the accuracy of 

a model is uncertain, a more complete data-set is 

available with three-dimensional, time-varying fields of 

all scalars and velocity, and this information may be 

valuable in interpreting the experimental results. 

 
Figure 1.  A top view schematic of the modified piston and jet 

trajectory of a single jet bisecting into a simultaneous free-jet and wall-

jet [7]. 

2. Experimental Setup 

2.1  Engine Configuration 
The experiments were conducted using a single-

cylinder, direct-injection, automotive-size, diesel engine. 

The engine has quartz windows around the cylinder liner 

and on the piston head for optical access. The engine was 

operated using a conventional ultra-low sulphur diesel 
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(ULSD) fuel with cetane number of 46 in compliance 

with the Fuel Quality Standards Act 2000, Australia. The 

important engine specifications are given in Table 1. The 

fuel injection system was composed of a Bosch made 

second-generation common-rail, 1-hole solenoid injector 

connected to an electronic signal generator (Zenobalti 

5100). The 1-hole injector was obtained by closing the 

other six holes of the conventional 7-hole injector by 

laser welding. 

2.2  Engine Operating Conditions  
            

Table 1.  Engine operating conditions. 

Engine speed 1200 rpm 

Displacement  

(single – cylinder) 
497.5 cc 

Bore 83 mm 

Stroke 92 mm 

Bowl diameter, depth 55 mm x 9 mm 

Compression ratio 15.2 

Estimated swirl ratio 1.4 

Wall (coolant) temperature 363 K 

Intake air temperature 303 K 

Intake valve timing a 
Open (339˚ ) 

Close (-115˚) 

Exhaust valve timing a 
Open (107˚) 
Close (-315˚) 

Injected mass 10 mg 

Start of injection 7˚ CA bTDC 

Rail pressure (MPa) 70 

Electronic injection 

duration (ms) 
1.4 

End of injection (CA) 10˚ CA aTDC 

Intake oxygen % (vol.) 21 
a. 0 is taken at Top Dead Centre (TDC) in compression stroke. 

 

The experiments were performed at a fixed engine 

speed of 1200 rpm. The cylinder and the fire-deck wall 

temperatures were controlled by water circulation at 363 

K. The intake air temperature was set at 303 K by means 

of two independent temperature control units with a 

feedback controller. The piston surface temperature was 

not controlled. The selected operating conditions are 

shown in Table 1.  

3. Numerical Setup 
3.1  CFD Code 

Simulations were performed using the Lib-ICE code 

[8], which is a set of libraries and solvers for in-cylinder 

flow and combustion modelling based on the         

OpenFOAM® technology [9]. Turbulence was modelled 

by an RNG k- model and the Kelvin-Helmholtz 

Rayleigh-Taylor (KH-RT) sub-model [10] was used for 

spray atomisation and break-up. 

An integrated chemistry model that solves a set of 

Ordinary Differential Equations (ODE) of chemical 

reactions was used for modelling combustion. This 

approach neglects turbulence-chemistry interactions 

assuming each cell as a well-stirred reactor. Obviously, 

this represents a considerable simplification; however, 

recent comparisons of similar models with diesel 

ignition in constant volume chambers demonstrate that 

this simple approach is at least capable of predicting 

general trends [11]. The combustion was modelled by 

using a 159 species and 1540 reactions n-heptane 

reaction mechanism (LLNL) [12]. The OH* reaction 

steps from Ref. [13] were added to the mechanism for 

qualitatively predicting OH* concentration in the flame 

region, thus enabling a more direct comparison with 

experimental OH* chemiluminescence images. The 

computational time for integration of the chemistry was 

reduced by a Dynamic Adaptive Chemistry (DAC) 

approach [14] that computes a reaction set that is valid 

for the local thermo-physical conditions. 

3.2 Computational Grids, Initial and Boundary 
Conditions 

The computational grids used for the simulations are 

shown in Fig. 2. The mesh with valves and ports (see 

Fig. 2a) contains a combination of hexahedral and 

tetrahedral cells with 2.5 million cells at Bottom Dead 

Centre (BDC) and 0.7 million cells at Top Dead Centre 

(TDC). This mesh was used for a motored simulation of 

two complete cycles to capture the asymmetric swirl 

induced by the intake ports. The mesh used for the spray 

and combustion simulations was a hexahedral mesh 

without valves and ports with 0.5 million cells at BDC 

and 10000 cells at TDC (see Fig. 2b). The initial 

condition for the spray and combustion simulation was 

mapped from fields from the motored simulation after 

Intake Valve Closure (IVC) (-142˚ crank-angle (CA) 

after Top Dead Centre (aTDC)) in the third cycle. This 

approach provided a good quality hexahedral mesh and 

reduced computational time for the spray and 

combustion simulations. As temperature controlled water 

at 363 K was circulated, a fixed temperature of 363 K 

was specified for the walls of the cylinder and the fire-

deck. The un-controlled piston hot-side surface 

temperature was specified using 1-D steady state heat 

transfer analysis considering heat transfer correlation 

suggested in Ref. [15]. A temperature wall function 

based on variable density as suggested in Ref [16] was 

used for all walls. 

   

                                        (a)                                  (b) 

                                 

                                    Figure 2. Computational grids  

4. Results and Discussion 

4.1 Pressure and Heat Release Rate 
Comparison 

A comparison of the predicted in-cylinder pressure 

trace and apparent heat release rate (aHRR) with the 

experimental data is shown in Fig. 3. The aHRR in the 

experiment and simulations were calculated based on the 

pressure data and cylinder volume by using the first law 

of thermodynamics with an adiabatic assumption [17]. 

As can be seen in Fig. 3, the simulated pressure trace 

compares well with the experimental data. There is no 



 

 

- 398 - 

net heat release observed in the experiment or in the 

simulation during the first stage of combustion, which 

could have been a result of the evaporative cooling of the 

injected fuel. The second stage combustion starts at 

around 6.5˚ CA aTDC, which is 3.5˚ CA before the end 

of injection. 

 
              Figure 3. In-cylinder pressure and apparent heat release 

              rate comparison. 

4.2  OH* Chemiluminescence Comparison 
A comparison of the simulated OH* 

chemiluminescence against the experimental OH* 

images is shown in Fig. 4. The experimental images are 

a line-of-sight measurement. Therefore, in the 

simulations, comparable images were obtained by 

summing-up equally-spaced planar data in the bowl 

region into a single plane. In the images from 

simulations, the approximate flame base height on the 

wall-jet side is marked by a continuous white line and on 

the free-jet side by a dotted white line. The flame base 

height is defined as the vertical distance to the marked 

lines from the nozzle centre-line is designated as OHw on 

wall-jet side and OHf on free-jet side. The dotted white 

circle in OH* contour images from simulations is the 

limit of the field of view for experimental images. Flame 

base heights from the simulations and the experiment are 

compared in Fig. 5. 

The simulated OH* contours replicate some features 

observed in the experiment at different crank angles 

from 8˚ aTDC to 11˚ aTDC. Importantly, the flame base 

height was distinctively shorter on the wall-jet side that 

on the free-jet side (see in Fig. 5). As shown in Fig. 5, 

the transient flame base height decreases gradually on 

both sides of the jet until the end of the injection at 10˚ 

aTDC. After the end of injection, from 11˚ CA aTDC 

onwards the heights remain almost same as observed at 

10˚ CA aTDC. A similar observation is also made in the 

experiment, but the heights are shorter compared with 

the respective heights from the simulations. 

4.3 CFD based Reasoning for Flame Base 
Height Reduction  

To better understand the reason for gradual reduction 

of flame base heights, iso-surfaces of carbon mono-oxide 

(CO), unity equivalence ratio ( =1) based on unburnt 

fuel and oxygen (O2) and contours of temperature with 

velocity vectors from the simulations at 8, 9 and 10˚ CA 

aTDC are studied. The contours are shown in Fig. 6 in 

three columns. For example, the first column 

corresponds to 8˚ CA aTDC with the iso-surfaces in the 

top row and the temperature contour with velocity 

vectors in the bottom row. The temperature contours are 

averaged contours generated from 6 equally-spaced 

planar data in the bowl region. In the similar way, 

velocity vectors were generated by averaging the 

components of the velocity vector. This averaging 

ensures that the contours give the information from the 

entire bowl region. 

 
Figure 4.  OH* chemiluminescence comparison. Experiment (left), 

with the LLNL mechanism (right). 

 
Figure 5.  Comparison of flame base heights. 

The temperature contour with velocity vectors at 8˚ 

CA aTDC (see in Fig. 6) shows that the initial major 

combustion temperature rise takes place on wall-jet side 

and induces a dilatation flow towards the fuel jet. The 

iso-surfaces of CO and  =1 at the same crank-angle 

show that on the wall-jet side, the hot combustion 

products move from the wall towards the trailing edge of 

the fuel-air mixture jet. At this crank-angle, as shown in 

Fig. 7, the fuel-air mixture jet has velocity of around 45 

m/s, which should also promote entrainment-however 

the flow into the jet, appears to be a dilatation-

dominated. At 9˚ CA aTDC, the velocity vectors now 

show a strong dilatation-induced flow emanating now 

from the cut-out region. The region of combustion 

products, visualised here with CO has expanded along 

the wall and begins to overlap with the flammable 

mixture region. Once again, the dilatation flow appears 

to dominate over jet entrainment in its effect to transport 

products towards the flammable region. By 10˚ CA 

aTDC, dilatation-driven flows are less evident and a 

more conventional jet-like flow is observed. At this stage 

products fully envelop the jet of flammable mixtures, 
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and local entrainment of products may be occurring near 

the flame base.       

From 9˚ to 10˚ CA aTDC, the points of ignition on 

either side of the jet advanced towards the fuel injector 

from both the sides. This appears to be mainly a 

dilatation-induced phenomenon. As mentioned earlier, 

the flame base height on wall-jet side (OHw) is 

distinctively shorter compared with the height (OHf) on 

free-jet side. This appears to be simply because the 

combustion products on the free jet side have further to 

travel during their dilatation-dominated transport from 

the wall region back towards the flammable region. 

 
Figure 6. Iso-surfaces of CO and  = 1 and temperature (K) contours 

with velocity vectors from the simulations at 8, 9 and 10˚ CA aTDC. 

 
Figure 7. Averaged velocity magnitude (m/s) contours from the 

simulations at 8 and 9˚ CA aTDC. 

5. Conclusions 

In this paper, simulations of simultaneous free and 

wall jet effects of a single diesel jet were performed on a 

single-cylinder, small-bore, common-rail diesel engine. 

The OH* chemiluminescence data was compared with 

modelled OH* species. The following were achieved 

from the simulations. 

1) The combustion pressure trace and aHRR was 

predicted well. 

2) The modelled OH* captured the distinctively 

different flame lift-off lengths on the wall-jet 

side and free-jet side as observed in the 

experiment. Also, the model predicted the slow 

transient reduction of the lift-off lengths during 

the injection period as observed in the 

experiment. 

3) The combustion induced dilatation flow played 

a major role in the re-entrainment of hot 

combustion products towards the flammable 

fuel-air mixture. Jet entrainment flows may also 

contribute but these appear to have a lower 

magnitude until very close to the end of 

injection. 

In general, the results highlight that in modern 

automotive-sized diesel engines, the effects of the wall 

are a leading order influence. The wall affects the fluid 

flows and the flame, in a manner which is complex and 

strongly interdependent. These interactions are expected 

to be highly dependent on geometry and operating 

conditions, emphasizing the continuing need for both 

experimental and computational research to shed light on 

the basic phenomenology of combustion across a range 

of canonical situations representative of advanced CI 

engine technology. 
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Abstract 

This paper presents a parametric study of ignition characteristics in compositionally and thermally stratified n-heptane/air 

mixtures using direct numerical simulation (DNS). Four cases are considered. In the first case, the mixture is only compositionally 

stratified whereas both thermal and mixture stratifications with a perfect negative correlation are present in the other three cases. Two 

stages of ignition are observed in all cases. It is shown that thermal stratification can have a significant effect on the first stage. As the 

level of thermal stratification increases, the heat release rate is spread out and has a lower peak in the first stage.  Inspection of the 

homogeneous ignition delay time pertaining to the first stage shows that variation of the ignition delay time is more pronounced as 

thermal stratification level is increased. This results in longer combustion duration and a lower peak of the heat release rate. In the 

second stage of ignition, however, temperature inhomogeneity results in a shorter combustion duration. This is due to the presence of 

range mixture fractions on the rich side with comparable ignition delay times. As a result, for this range of mixture fraction, a fairly 

homogeneous combustion occurs leading to a higher peak in the heat release rate.  

 
Keywords: Direct numerical simulation, thermal stratification, mixture stratification, two-stage ignition. 

 

 

1. Introduction 

In conventional and advanced compression ignition 

engines, ignition typically occurs in mixtures which are 

thermally and/or compositionally stratified. This is 

obviously the case in diesel engines, but stratification is 

also a key feature in homogeneous charge compression 

ignition (HCCI) engines. In this type of engine, 

combustion occurs due to auto-ignition of a lean or 

highly diluted fuel-air mixture providing high efficiency 

and low levels of emissions such as nitrogen oxides 

(NOx). However, controlling the combustion process is a 

significant challenge. High pressure rise rates and heat 

release rates as a result of near simultaneous auto-

ignition of overly a homogeneous charge can limit the 

high load operating conditions. Because of the 

significant effect of temperature on auto-ignition, 

thermal stratification due to the heat transfer to the wall, 

fuel vaporization, imperfect mixing with residuals, and 

variations of the ratio of specific heats has important 

effects on the rate of heat release. It can lead to 

spreading out of the heat release rate and a decrease of 

the pressure rise rate. However, achieving a desired 

degree of thermal stratification within an engine cylinder 

is a difficult task, making it unsuitable as a control 

strategy. More recently, stratified charge compression 

ignition (SCCI) engines in which fuel is either port 

injected or directly injected to create a stratified mixture 

have become a promising technology to control the rate 

of heat release and pressure rise. They also allow for 

extending high and low load limits of HCCI engines e.g. 

[1-3]. 

Ignition in thermally stratified mixtures has received 

considerable recent attention since the introduction of 

HCCI concept, e.g. [4-7]. However, ignitions in stratified 

charge mixtures in which compositional or both 

compositional and thermal stratifications are present 

have been studied relatively less, e.g. [1-3, 8, 9].   

A detailed understanding of ignition in stratified 

mixtures is an important step in developing new 

strategies to overcome challenges such as low and high 

load limits of HCCI engines and also reducing pollutants 

in both diesel and HCCI engines. Direct numerical 

simulation (DNS) can be used as a means to investigate 

these problems at a fundamental level. The aim of this 

paper is to study the effect of mixture and thermal 

stratification on the ignition characteristics using a series 

of two-dimensional cases.     

2. Numerical methods and 
simulation parameters 

S3D, a DNS solver developed at the Combustion 

Research Facility at Sandia National Laboratories [10] is 

employed. The governing equations including Navier-

Stokes, species transport and total energy equations are 

discretised using an 8
th

 order finite differencing scheme 

for spatial derivatives and a 4
th

 order explicit Runge–

Kutta scheme for time integration.  

A mixture of n-heptane and air at a mean 

equivalence ratio of 0.3 is used. A reduced chemical  
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Figure 1: Overall heat release rate versus time. 

 

   
Figure 2: Conditional means of temperature for a) T'=0K (case1), b) T'=10K (case 2) and c) T'=50K (case 4) during the first stage of ignition. The 

arrow shows the evolution in time. The time step between lines for each case is 0.02 ms. 
 

mechanism [5] including 58 species and 387 reactions is 

employed. A stiffness reduction algorithm is used to 

eliminate reactions with chemical time scales shorter 

than 10 ns [5]. 

To reduce the computational cost, a two-

dimensional computational domain with the size of 

3.2×3.2mm
2
 is used. The grid is uniform with the size of 

640×640. Periodic boundary conditions are applied in all 

directions. 

The velocity field is initialised using a 2D Passot-

Pouquet spectrum for the turbulent kinetic energy [11]. 

The integral length scale and root mean square (RMS) of 

the velocity field based on the initial conditions are 0.8 

mm and 0.63 m/s, respectively.
  

Table 1: Simulation parameters. 

Case 

RMS of 

mixture 

fraction 

fluctuations, 

Z' 

RMS of 

temperature 

fluctuations, 

T' (K)  

1 0.01 0 

2 0.01 10 

3 0.01 20 

4 0.01 50 

 

As can be seen in Table 1, four cases are considered. 

In the first case, the mixture is only compositionally 

stratified whereas cases 2-4 feature both thermal and 

compositional stratifications. In all cases, the initial 

mean temperature and pressure are 850K and 40 atm, 

respectively. The fluctuations in the mixture fraction 

field are set up using a Passot-Pouquet spectrum in 

which the dominant length scale of fluctuations is 1mm. 

There is a perfect negative correlation between 

temperature and mixture fraction fluctuations in cases 2-

4. 

3. Results 
 

Figure 1a shows the total heat release rate non-

dimensionalised with the maximum heat release rate of a 

homogeneous constant volume reactor, HRR0=63.5 

J/mm
3
s, for all cases. The time is also non-

dimensionalised with the homogeneous ignition delay 

time corresponding to the second stage of ignition, 

τ0=2.49ms. As can be seen, a two-stage ignition is 

present. The peak of heat release rate in the second stage 

is lower than that of the homogenous ignition in all 

cases. However, one should note that increasing the level 

of thermal stratification, which as explained earlier is 

negatively correlated with mixture stratification, results 

in delayed ignition in the second stage and higher 

maximum heat release rate.  

Fig. 1b shows the normalised heat release rate during the 

first stage of ignition. It is observed that thermal 

stratification has a significant effect on the first stage of 

ignition. As the level of thermal stratification increases, 

the heat release rate is spread out and the peak heat 

release rate decreases. These observations will be 

explored in more detail in the following sections.  

 

3.1. First stage of ignition  
 

Figure 2 shows a comparison of the mean 

temperature conditioned on mixture fraction during the 

first stage of ignition. As can be seen, for T'=0 K (case 
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1), ignition in the first stage occurs on the rich
7
 side of 

the mixture and propagates towards the lean side. This is 

expected since the initial temperature is uniform and 

richer mixtures (which are still lean of stoichiometric) 

will ignite first. However, for T'=10 K and 50 K (cases 2 

and 4), ignition starts on the lean side. It is interesting to 

note that when T'=50 K (case 4), ignition propagates 

towards the rich side at a much slower rate compared 

with case 2.  

 
Figure 3: Homogenous ignition delay corresponding to the first stage of 

ignition. The system has a constant volume and the initial pressure is 40 atm.   

 

To explain the different behaviours in the first stage 

of ignition, a series of zero-dimensional cases (i.e. 

homogeneous) modelling ignition of n-heptane-air 

mixture at a constant volume for a range of initial 

temperatures and equivalence ratios corresponding to the 

initial conditions of each 2D case were simulated. The 

ignition delay time of the first stage of ignition is 

presented in Fig. 3. As can be seen, the first-stage 

ignition delay time is not very sensitive to equivalence 

ratio for T'=0 K (case 1). For T'=10 K (case 2), leaner 

mixtures with higher temperature will ignite first. As the 

equivalence ratio increases, the ignition delay time also 

increases. This will cause a series of ignition events with 

different ignition delay times resulting in spreading of 

the heat release rate and also reduction of its peak.  The 

variation of ignition delay time versus equivalence ratio 

for T'=50 K (case 4) is more pronounced compared with 

the other cases. This results in a longer combustion 

duration in the first stage compared with the other cases. 

 

3.2. Second stage of ignition  
 

Figure 4 shows a comparison of the mean 

temperature conditioned on mixture fraction during the 

second stage of ignition. For all cases, ignition starts on 

the rich side during the second stage. For T'=0 K and 10 

K (cases 1 and 2), the richest part of mixture ignites first 

whereas different ignition kernels for a range of mixture 

fractions (0.03<Z'<0.04) start to develop for T'=50 K 

(case 4).  

Figure 5 shows a comparison of temperature fields 

during the second stage of ignition for T'=0 K and T'=50 

K. As can be seen, in both cases, ignition spots start to 

                                                           
7
 It should be noted that ‘rich mixtures’ refers to the mixtures that are 

richer than the mean equivalence ratio in this paper. 

develop initially. Propagation of the flame front towards 

the unburnt mixture ensues, with distortion of the flame 

as a result of turbulence. Additional later and ongoing 

sets of ignition events are evident in Fig. 5. For T'=50 K 

(case 4), a larger number of ignition sites appears during 

the second stage of ignition and combustion occurs at a 

much faster rate compared with T'=0 K (case 1).  This is 

consistent with the observation in Fig 1a. 

In order to explain the earlier observation in Figs. 4 

and 5, ignition delay times corresponding to the second 

stage of ignition in a homogeneous mixture as a function 

of equivalence ratio are shown in Fig. 6. As can be seen, 

when T'=0 K, the richest mixture has the shortest 

ignition delay time. However, as the level of thermal 

stratification increases a different behaviour is observed. 

For T'=50 K (case 4), ignition delay profile has a minima 

between φ=0.4 and φ=0.5. Also, for a range of 

equivalence ratios, ignition delay times are comparable. 

This explains the appearance of different ignition kernels 

for a range of mixture fractions during the second stage 

of heat release, as observed in Fig. 4. As a result, more 

rapid combustion occurs during the second stage 

compared with case 1. The delayed ignition in the 

second stage compared with case 1 can also be explained 

using Fig. 6. As can be seen, the averaged ignition delay 

time on the rich side for T'=50 K (case 4) is longer than 

that of T'=0 K (case 1).  

4. Conclusions 
 

Direct numerical simulation was used to study the 

ignition characteristics in a series of compositionally and 

thermally stratified n-heptane/air mixtures. Four two-

dimensional cases with a mean equivalence ratio of 0.3 

and a mean temperature of 850 K were considered. In 

the baseline case, only mixture stratification was present 

whereas the other cases featured the same level of 

mixture stratification as the baseline case in addition to 

different levels of thermal stratification. There was a 

perfect negative correlation between the initial 

temperature and mixture fraction fluctuations.   

Two-stage ignition was present for all cases. 

Increasing the level of thermal stratification resulted in 

spreading of the heat release rate with a lower peak in 

the first stage. The ignition delay time of homogenous 

mixtures corresponding to the initial conditions of each 

case showed considerable variation in particular for the 

case with the highest level of thermal stratification. This 

led to the formation of ignition sites at different times 

resulting in spreading of the heat release rate.     

In the second stage, as the level of thermal 

stratification was increased, ignition occurred more 

rapidly and higher heat release peak was observed. 

Inspection of the second-stage ignition delay time of 

homogeneous cases showed that comparable ignition 

delay times are present at some range of mixture 

fractions for the case with highest level of thermal 

stratification. This resulted in more homogeneous 

combustion in this range of mixture fractions and 

therefore a higher peak in the heat release rate.      
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Figure 4: Conditional means of temperature for a) T'=0 K (case1), b) T'=10 K (case 2) and c) T'=50 K (case 4) during the second stage of ignition. The 

arrow shows the evolution in time. The time step between lines for each case is 0.02 ms. 

     

     

 
Figure 5: Temperature field for serveral instants during the second stage of ignition for T'=0 K (top row) and T'=50 K (bottom row). The time step for 

these frames is 0.2 ms. 
 

 
Figure 6: Homogenous ignition delay of the second stage of ignition. The 

system has a constant volume and the initial pressure is 40 atm.  
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Abstract 
This paper describes detailed soot emissions predictions from a multi-step phenomenological soot model implemented within a 

thermodynamic multi-zone diesel engine model. The soot model offers detailed insight into the following physical and chemical 

processes relevant to soot formation; acetylene formation and oxidation, precursor formation and oxidation, soot particle inception, 

particle coagulation and growth, and soot oxidation. Results of experimental and modelled cylinder pressure and heat release are 

initially presented to validate the diesel engine model. These are followed by predictions of the temporal evolution of net soot 

production, acetylene and precursor species yields, and soot number density at one operating condition. There is good agreement for 

soot mass predictions between the experiment and model. The results show that the soot model is suitable for use with thermodynamic 

multi-zone diesel engine models. 

 
Keywords: soot, diesel, modelling, phenomenological 
 

 

Nomenclature 
 

TDC Top Dead Centre 

CAD Crank Angle Degree 

T  Packet temperature (K) 

Ysoot Soot mass (kg) 

N  Soot particle number (1/m
3
) 

NA  Avogadro’s number 

MNUC Weight of a particle nucleus 

 

Introduction 
 

This paper presents detailed results from a multi-step 

model for the prediction of soot emissions from a diesel 

engine operating on diesel fuel; the soot model is 

implemented within a multi-zone thermodynamic diesel 

engine model. Thermodynamic diesel models have 

traditionally used simple two-step empirical soot 

models similar to that first proposed by Hiroyasu et al. 

[1] (eg. [2]). These models offer the advantages of 

simplicity and low computational cost but lack a 

detailed insight into the physical and chemical 

processes that characterise soot formation and 

oxidation. 

 

Other researchers, such as for eg. Tao et al. [3], have 

attempted to provide more realistic multi-step 

phenomenological models of soot production and 

oxidation. These models typically include processes 

such as precursor formation, particle inception, surface 

growth and particle oxidation. Models of this type have 

typically been used with CFD diesel engine models to 

provide inputs into the soot model, thus requiring 

extensive computing resources. The advantage of these 

multi-step models over the simpler two-step empirical 

soot models is the ability to include particle dynamics 

and predict particle sizes and number density [3]. 

 

The aim of the present work is to integrate a complex 

multi-step phenomenological soot model into a multi-

zone thermodynamic diesel engine model previously 

described in Rao & Honnery[4]. Predictions of cylinder 

pressure and heat release are presented to  validate the 

diesel engine model. This is followed by predictions of 

net soot emissions, acetylene and precursors production 

and soot particle number density. 

 

Modelling 
 

2.1 Thermodynamic diesel engine 
model 

The underlying diesel engine model has been presented 

in detail in a previous paper [4]. A brief summary of 

equations used and approaches taken is provided in this 

section. The cylinder volume is divided into two zones 

- the burnt zone, containing the spray, entrained air and 

combustion products, and the unburnt zone, containing 

air. The spray is divided into packets in the axial and 

radial directions. A global cylinder temperature is 

determined from the burnt and unburnt zone 

temperatures and used to calculate cylinder pressure 

using the equation of state. Individual packet volumes 

are calculated and integrated over the burnt zone to 

give the total burnt zone volume. 

 

Spray tip penetration and break-up equations were 

taken from Jung & Assanis[5]. A comprehensive 

sensitivity analysis of the diesel engine model to 

different step sizes and numbers of radial zones has 
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been presented previously [4]; based on convergence of 

cylinder pressure predictions and computational time, a 

step size of 0.2 CAD and 10 radial zones was found to 

be sufficient to eliminate numerical sensitivity of the 

model. These values have not been changed for the 

present investigation. There are as many axial packets 

as there are computational steps during the injection 

process. Each packet contains the same mass of fuel but 

different masses of air and products. A description of 

the air entrainment model is given in the original paper 

[4]. Different packets experience their own individual 

delays. When the first packet starts to burn, all packets 

that have exceeded the spray break-up length are 

allowed to start burning. This is an approach also used 

by Stiesch & Merker [6]. For these packets, combustion 

occurs in two distinct stages. Fuel that was injected 

during the ignition delay period burns at the premixed 

rate; when this reservoir of fuel is burnt, combustion is 

controlled by the mixing rate of air into individual 

packets. For packets that had not exceeded the break-up 

length when the first packet started to burn, only 

mixing-controlled combustion is allowed. The 

empirical Arrhenius correlations for both stages were 

taken from [5] and are given in the original paper [1]. 

 

Heat transfer was calculated using the model proposed 

by Woschni [7]. A large number of arbitrary constants 

require tuning for phenomenological diesel engine 

models to provide useful predictions. A comprehensive 

discussion of the calibration process followed here is 

provided in the original paper [4]. 

 

 

 

2.2 Soot modelling 
 
The phenomenological soot model used here is based 

on the work of Tao et al. [3]. The rate constants used 

are given in Table; some values have been modified for 

better agreement with experimental results. 

 

The rate of acetylene formation is given by, 

 

  ̇   
 

 
   [    ] 

 

where m is the number of carbon atoms in the fuel 

(m=14) and [] denotes molar concentration. 

Precursor formation is given by, 

 

  ̇   
 

 
   [    ] 

 

where z is the number of carbon atoms in the precursor 

species (z=60). 

 

The presence of precursors leads to the inception of 

particles, as given by, 

 

  ̇        [ ] 

 
The diameter of the incepted particles is assumed to be 

1.28 nm [3]. However, coagulation of particles leads to 

an increase in particle diameter. The rate of coagulation 

is given by Moss et al. [8] as, 

  ̇      
   (

 

  
)  

where N is the soot number density.  

 

The diameter of the particle at this stage is given by, 

 

    (
         

     
    

) 

where Mc is the molecular weight of a carbon atom, 

ρsoot is soot density and and ysoot is the molar 

concentration of soot. 

 

The rate of surface growth of particles due to the 

presence of acetylene is given by, 

 

  ̇     [    ](     )
 
 ⁄  

 

where Asoot is the total surface area of the soot particles. 

 

The rate of oxidation is proportional to the net soot area 

and is given by, 

 

  ̇           
 

The OH radical can also contribute to soot oxidation; 

the rate of oxidation by OH is given by, 

 

  ̇           
 

Finally, both acetylene and the precursor species are 

oxidised. The rate of acetylene oxidation is given by, 

 

  ̇     [    ][  ] 
 

Precursor species oxidation is given by, 

 

  ̇     [ ][  ] 
 

Net soot formation is given by, 

 
 

  
(     )      (  ̇      ̇     ̇     ̇) 

 

Total particle number density is given by, 

 
 

  
(
 

  
)   

  

    

 (  ̇      ̇ ) 

 

 

where MNUC is the weight of a particle nucleus. 
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Table 1. Rate constants used 

Rate constant Value 

k1 1.0 x 10
10

 exp (-25000/T) 

k2 1.0 x 10
11

 exp (-20000/T) 

k3 5.0 x 10
10

 exp (-25200/T) 

CB 2.25 x 10
12 

k5 1.04 x 10
4
 exp (-3100/T) 

k6 taken from [3] 

k7 taken from [9] 

k8 6.0 x 10
18

 exp (-25200/T) 

k9 1.0 x 10
17

 exp (-25000/T) 

Experiments 
 

Experiments were performed using commercial diesel 

fuel in a direct injection naturally aspirated 4 litre 4 

cylinder Hino W04D engine without EGR coupled to a 

Heenan Froude eddy current dynamometer and Froude-

Hofmann V4 dynamometer controller. The engine is 

fully instrumented to record engine and in-cylinder 

parameters; injection timing was unchanged for the 

duration of this study. Further engine specifications and 

details of the laboratory setup are given in [4] 

 

A National Instruments 24bit 1 Hz analogue to digital 

convertor was used to read performance data, and AVL 

piezoelectric high-pressure transducers and a needle lift 

indicator were fitted into cylinder 1 to record cylinder 

and fuel injection pressure and needle lift respectively. 

Temperatures were measured using thermocouples. 

Fuel consumption was measured using a sensitive mass 

balance. Soot measurements were taken by passing 

undiluted exhaust gas into a TSI DustTrak DRX8533 

laser light scattering photometer; exhaust gas 

temperatures were less than 51ºC at the point of 

sampling. The DustTrak  was calibrated against a 

gravimetric method using Pallflex Fiberfilm 

T60A20 membrane filters. 

Results and Discussion 
Figures 1 and 2 show modeled and experimental 

cylinder pressure, and rate of heat release and 

cumulative heat release for 1600 RPM, 100 Nm 

respectively; a previous paper [4] contains further 

results for a wider range of operating conditions. 

Ignition delay is generally well predicted. The 

magnitude of the premixed combustion peak is 

generally lower than the experimental premixed peak; 

however, there is good agreement between modelled 

and experimental cumulative heat release at the end of 

the premixed phase. The modelled ROHR curve shows 

twin peaks of premixed and diffusion controlled 

 
Figure 1. Cylinder pressure at 1600 RPM, 100 Nm. 

burning that are characteristic of the method of 

modelling used, even though this sharp distinction is  

not seen in the experimental curves. The figures show  

that the model is generally able to provide good  

predictions of cylinder pressure and heat release for the 

wide range of conditions presented.  

 

Figure  shows the cylinder-average evolution of 

soot mass production for 1600 RPM, 100 Nm. There is 

good agreement for the final soot mass value between 

the experiment and the model. The bulk of soot 

production occurs in a short period around TDC, 

followed by a substantial period of oxidation. Although 

not presented here, the maximum experimental 

uncertainties over a range of engine loads were less 

than 2%. 

 

Figure  shows the cylinder-average evolution of 

acetylene yield and precursor species in moles. Similar 

to soot formation, acetylene formation and precursor 

species production peaks around TDC;  thereafter, they 

are rapidly consumed and oxidised. These results are in 

broad agreement with previous investigations using 

similar models [3]. These results indicate that soot 

particle inception is limited to a very narrow region 

soon after TDC. 

 

 

 
Figure 2. Normalised rate of heat release and 

cumulative heat release for 1600 RPM, 100 Nm. 
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Figure 3. Temporal evolution of soot production for 

1600 RPM, 100 Nm. 

 

 

Figure  shows the cylinder-average evolution of soot 

number density for 1600 RPM, 100 Nm. The profile of 

the curve is similar to those presented earlier; there is 

an initial rapid rise in particle numbers around TDC but 

the number of particles decreases rapidly after this 

point. Net particle number density is given by the 

difference between particle inception and coagulation. 

Thus, inception is shown to dominate for the initial 

period, while coagulation is the dominant phenomenon 

after this initial rise. 

 

Conclusions  
This paper presents results from a complex multi-

step phenomenological soot model integrated into a 

multi-zone thermodynamic diesel engine model. The 

model is able to predict the temporal evolution of net 

soot production, acetylene and precursor species and 

soot particle number. These results are similar to those 

presented elsewhere in the literature. 

 

 

 

 
Figure 4. Temporal evolution of acetylene and 

precursor species at 1600 RPM, 100 Nm. 

 
Figure 5. Temporal evolution of soot number 

density at 1600 RPM, 100 Nm. 

 

While simple semi-empirical soot models have hitherto 

commonly been used in thermodynamic diesel engine 

models, it is likely that models that provide more 

detailed insight will be required in the near future. 

Models similar to the one presented here have 

previously been adopted for CFD diesel engine 

modelling. Their use in thermodynamic models offers 

potential improvements over the ubiquitous two-step 

soot models commonly used. Given the many 

advantages of thermodynamic diesel models over 

complex CFD models, it is proposed that this model is 

suitable for offering a detailed insight into the physical 

and chemical processes relating to net soot production. 
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Abstract 
Homogeneous charge compression ignition (HCCI) engines use a new mode of combustion where, in principle, there is no 

spark plug or fuel injector to initiate the combustion. The combustion is self-ignited once the mixture has reached its chemical 

activation energy. Thus, the combustion is fully controlled by the chemical kinetics mechanism. A zero-dimensional (0-D) single-

zone (homogeneous) model was used to study the combustion behaviour, where the model is able to reduce the computing time. A 

Conditional Moment Closure (CMC) model was then implemented in this 0-D environment to account for the turbulent mixing effects 

in the combustion chamber. The results show that the use of CMC in a 0-D environment improves on the results from the 

homogeneous model by eliminating the characteristics of short combustion duration and high peak pressure of the homogeneous 

model. The model is also in a good agreement with experiment and thus can be used for further analysis.  

 
Keywords: CMC, Diesel HCCI, zero-dimensional,0-D, single-zone, homogeneous 
 

 

1. Introduction 

 

Homogenous Charge Compression Ignition 

(HCCI) engine research has received worldwide 

attention due to its advantages in reducing emissions 

levels, such as NOx and soot [1, 2]. The engine has the 

potential to be used in a hybrid configuration 

(combination of two or more power sources), which 

can reduce the emissions levels further [3]. In principle, 

the engine has no spark plug or fuel injector to initiate 

the combustion [4]. Instead, the combustion is self-

ignited once the mixture has reached its chemical 

activation energy [5]. Thus, the engine is fully 

controlled by the chemical kinetics mechanism [6]. 

Simulations are undertaken to reduce research 

costs while maintaining good productivity because of 

their cost efficiency compared to experiment. For 

engine research, a zero-dimensional (0-D) model is 

known for its advantage in reducing computational time 

compared with a multidimensional Computational 

Fluid Dynamics (CFD) approach. However, the 0-D 

model has the limitation of shorter combustion duration 

and rapid pressure rise compared to experiment [7, 8]. 

CFD on the other hand yields more accurate results at 

the expense of computational resources [9, 10]. In 

short, CFD could be used for an in-depth fundamental 

study, while a 0-D model offers versatility in a reduced 

simulation time.  

Conditional Moment Closure (CMC) [11] is a 

model for the mixing in the combustion chamber at 

modest computational cost. The use of CMC in a 0-D 

engine simulation is relatively new in the literature, 

where most of the CMC studies use the CFD approach 

[12-14]. Kwon et al. [15] studied the use of CMC in a 

0-D model of diesel engine. The diesel was direct-

injected and the spray was modelled with a multi-zone 

spray penetration model. They reported that the result 

of the in-cylinder pressure trace was in reasonably good 

agreement with the experiment, showing that the CMC 

model could be used in a 0-D simulation. 

The approach used in this paper is slightly 

different, where the engine used is a HCCI engine with 

fuel being injected in the inlet manifold instead of 

direct-injected. Thus, there is no spray model to be used 

in the combustion chamber, following the HCCI 

combustion principle. This study aims to validate the 

use of the CMC model in a 0-D HCCI engine 

simulation before progressing to a parametric study. 

  

2. Model Formulation 
 

The 0-D model in this paper is for an open system, 

initially developed by Assanis and Heywood [16]. 

However, the model uses chemical kinetics to solve the 

chemical reactions during combustion, while Assanis 

and Heywood [16] used a pre-defined ignition model 

without chemical reactions.  The approach used here 

also uses a different heat transfer model; the equations 

used in the 0-D model are detailed elsewhere [17]. The 

0-D model is then coupled together with the CMC 

model.  

 

2.1 Conditional Moment Closure Model 
 

The CMC transport equations solve the 

conditional means of reactive scalars and temperature. 

The reactive scalar is chosen to be   , which is the mass 

fraction of species i. In the CMC model, this is 
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conditioned on the conserved scalar     which is the 

mixture fraction: 

    〈      〉 (1) 

 

where   is the sample space variable for the mixture 

fraction  .  

A homogenous CMC, also called 0-D CMC 

model was used in the study. The combustion chamber 

is modelled as an Incompletely Stirred Reactor (ISR) 

[15] with varying Probability Density Function (PDF). 

By using volume integration and flux divergence 

theorem, the conservative CMC equation of ISR for the 

ith species mass fraction and enthalpy reduces to 
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where    is the conditional density,   is the 

volume,  ̇   is the mass flow rate into the system,     

is the inlet reactive scalar and    
  is the inlet averaged 

PDF. The first and second terms on the LHS of (2) and 

(3) are the transient and flux, respectively. The first 

term on the RHS of (2) represents the diffusion in 

conserved scalar space affected by scalar dissipation 

rate,  , and the last term is the conditional expectation 

of the chemical source term,  ̇ . The mass flow rate 

  ̇   in (2) and (3) is a function of time depending on 

the inlet valve opening and closing. The pressure rate of 

change,     ⁄  in (3) is important in engine simulation 

due to varying in-cylinder pressure across the crank 

angle (CA) step [13]. A heat loss term is introduced in 

the enthalpy equation:    is the conditional 

temperature,    is the wall temperature,    is the total 

cylinder wall area and   is the total mass of the 

mixture in the chamber.  

In HCCI engines, the heat loss due to radiation is 

neglected because its effect is very small [18, 19]. The 

convective heat loss is used to model the heat loss via 

the cylinder wall. The heat transfer coefficient,    is 

modelled by the modified Woschni correlation [19], as 

given by 

 

             
              (      )

    (4) 

 

where          is the scaling factor used to match the 

experimental data, which is 194.7 [20].   is the bore 

and        is the characteristic velocity, given by 
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(      ) (5) 

 

   and    are constants which are 2.28 and 0.00324, 

respectively.   ̅̅ ̅  is the mean piston speed,    is the 

displacement volume,   ,    and    are the temperature, 

pressure and volume at the reference point and      is 

the motoring pressure (pressure without combustion). 

The conditional scalar dissipation rate in (2) and 

(3) is modelled using the Amplitude Mapping Closure 

(AMC) [21] as 
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where     is the error function and   ( ) is the mixture-

fraction PDF. The mean scalar dissipation rate,  ̅, is 

modelled by 

 

  ̅    
 

 
    ̃ (8) 

 

A simplified  -  model for 0-D simulation [22] is used 

to model the turbulence dissipation rate,  , and 

turbulence kinetic energy   in (8).     ̃  is the mixture 

fraction variance and    is a constant, selected to be 1.5 

as the best match of the simulation results with 

experiment. The PDF of the mixture fraction    is 

modelled using a presumed β-function PDF. Then, the 

mean mass fraction of the ith species is obtained as 
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2.2 Interfacing of CMC and 0-D Model  
 

A 0-D model is used to solve the energy equation 

formulated with the CA as the independent variable 

instead of time [17]. The CMC model is used to 

transport the conditional species mass fraction and 

enthalpy to obtain the mean values for feedback to the 

energy equation. The program was coded such that the 

ordinary differential equation (ODE) obtained from the 

energy and CMC equations were solved using a stiff 

solver. The interfacing between 0-D and CMC models 

is shown in Fig. 1. 

The 0-D model calculated all the in-cylinder 

parameters including the turbulence at each CA step. 

Then the turbulent quantities were used to solve the 

CMC equations, where the Cantera [23] chemical 

kinetics package was used to provide the chemical 

properties and reactions mechanisms. Equations (2) and 

(3) were solved using implicit finite difference method. 

To ensure the stability of the code, a Courant–

Friedrichs–Lewy (CFL) criterion for the diffusion term 

was checked at each CA step, with CFL    ⁄  in order 

to minimize the truncation error [24]. 



 

 

- 410 - 

 
 

Figure 1 Interfacing between 0-D and CMC models. 

 

 

3. Results and Analysis 
 

The model was validated against experimental data 

and 0-D model from Guo et al. [25], where the HCCI 

engine was run by using n-heptane as the fuel with port 

fuel injection. The n-heptane reduced mechanism [26] 

with 160 species and 770 elementary reactions was 

chosen as a surrogate fuel because the chemical 

properties (e.g. cetane number) are similar to 

conventional diesel. Furthermore, n-heptane as a diesel 

surrogate has been widely used by many researchers 

[27, 28]. The engine parameters used in this simulation 

are shown in Table 1. 
 

Table 1 Engine parameters used in the simulation [25] 

Cylinder bore 82.55 mm 

Stroke 114.3 mm 

Connecting rod length 254 mm 

Compression ratio 10 

Engine speed 900 rpm 

Inlet pressure 95 kPa 

Inlet valve open (IVO) 10° CA ATDC 

Inlet valve closed (IVC) 36° CA ABDC 

Exhaust valve open (EVO) 40° CA BBDC 

Exhaust valve closed (EVC) 5° CA ATDC 

The simulation result is compared with the 

experimental data in Fig. 2. For 0-D model, the intake 

air temperature was set 20K higher than the actual to 

account for the mixing effects [25]. Another study also 

stated that the intake temperature for a single-zone 

model has to be increased up to 30K, while up to about 

10K for a multi-zone model [29]. In the study for the 0-

D model only [17], the intake temperature was 

increased to 333K for the intake temperature of 313K. 

The result in Fig. 2 shows that both 0-D models 

predict higher in-cylinder pressure compared to the 

experiment, with the 0-D model from Guo et al. [25] 

over-predicting by more. In a diesel HCCI engine, the 

fuel has a characteristic of two-stage ignition, which is 

low temperature reaction (LTR) (also called the cool 

flame phenomenon) and high temperature reaction 

(HTR) [30, 31]. LTR for the 0-D models occurred at a 

temperature below the auto-ignition temperature and 

was advanced by about 10° CA compared to the 

experiment. 

CMC with 0-D model on the other hand, is in 

good agreement with the experiment. The model 

predicted the LTR and HTR points close to the 

experiment. However, the model predicts lower in-

cylinder peak pressure. This behaviour is similar to that 

observed when modelling a 0-D CMC in a diesel 

engine, where the result was improved when 

implementing CMC in a multi-dimensional simulation 

(Fig. 3) [14].  

 

 
Figure 2 Comparison of the in-cylinder pressure between experiment 

[25], 0-D from Guo et al. [25], 0-D in this study and CMC with 0-D. 

 

 
Figure 3 0-D CMC and a multi-dimensional simulation (STAR EBU) 

compared with experiment [14] 

The advantage of using CMC in 0-D mode in this 

study is that the model does not require the increase in 

intake air temperature that a 0-D model needs. Instead, 

the model uses the actual experimental intake 

temperature, which is 313K. The result shown in Fig. 2 

was using the intake temperature of 313K for CMC 

compared to 333K for 0-D alone, where both of them 

yield almost a similar HTR point. 

To test the sensitivity of the intake temperature, 

Fig. 4 shows the CMC model with the same intake 

temperature as the 0-D, which is 333K: the combustion 

is advanced by about 10˚ CA. This is expected from 

actual engine operation: combustion is advanced when 
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the intake temperature increases. The 0-D model on the 

other hand, predicted that auto-ignition failed to occur 

when the intake temperature was set to be the same as 

the experimental data. Thus, it is necessary to fine tune 

the intake temperature before the 0-D model can be 

used, while the CMC model can be used without any 

artificial alteration of the input parameters. 

 
Figure 4 Combustion behaviours when the intake temperature was 

changed for both models. 

 

4. Conclusion 
 

This paper has discussed the use of CMC in a 0-D 

model of a diesel HCCI engine. Both the 0-D and CMC 

models are in good agreement with the experiment. 0-D 

model over-predicts the in-cylinder pressure, while 

CMC under-predicts it. The 0-D model also advanced 

the LTR by about 10˚CA, where the CMC predicts the 

timing well. The CMC model has the advantage by 

using the actual intake temperature, while predicting 

HTR point well, compared to the 0-D model where the 

intake temperature has to be increased to account for 

the mixing effects. Because the CMC model in a 0-D 

simulation predicts the timing of key events with a 

known under-prediction of pressure, this model can be 

used for further analysis. 
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Abstract 
Combustion and droplet dynamic characteristics of an atomizing spray of ethanol issuing in a vitiated co-flow are presented.  

Laser/phase Doppler anemometry, time averaged photographs and microscopic imaging are performed in order to characterise the 

boundary conditions and key features of the flow.  Two regimes are noted, the dilute spray flame, and `dense’ spray flame regimes 

which dictate how the flame varies with the fuel/air ratio.  The level of atomization in the spray is found to significantly affect the 

boundary conditions to a degree such that utilization of microscopic imaging and advanced image processing techniques is necessary 

in order to provide information otherwise rejected by conventional phase Doppler anemometry measurements such as non-spherical 

liquid fragments. Differently shaped liquid fragments will vaporize and atomize at different rates thereby affecting downstream 

combustion characteristics and this paper provides a selection of quantitative data which classifies such objects. 

Keywords: Spray auto-ignition, Dense Sprays, Vitiated Co-flows 
 

1. Introduction 

The majority of spray combustion experiments 

designed to date have concentrated on dilute spray 

conditions [1-3] for the reason that the sprays are easier 

to probe experimentally as well as to simulate 

numerically [4]. A key feature of these burners is their 

simplicity and well-defined boundary conditions which 

render them suitable candidates for calculations [5]. A 

particular dilute spray geometry of note is that of 

O’Loughlin and Masri [2], which involved a dilute spray 

issued in the middle of a wide vitiated co-flow.  

Measurements taken included laser/phase Doppler 

anemometry (LDA/PDA) as well as planar laser induced 

fluorescence (PLIF) of selected species including OH 

and CH2O.  The auto-ignition region was identified as 

being slightly upstream of a region with intense 

chemiluminescence [3].  Detailed boundary conditions 

were provided along with insights into the location of 

heat release marked by the product of [OH] x [CH2O] 

[3,7].  The particular burner was an adaption of previous 

gaseous vitiated co-flow burners combined with the 

Sydney piloted dilute spray burner [4,8].  While the 

burner offered well characterized boundary conditions 

for use in numerical validation, disadvantages included 

liquid film production on the inner wall of the pipe while 

also pre-vaporization which, can pose a difficulty for the 

accurate quantification of mixture fraction at the exit 

plane. 

A number of burners with denser boundary 

conditions have been examined in the past [6]. However, 

with the advent of advanced diagnostic techniques many 

of these flame configurations are being re-examined to 

expand the data base and enhance the boundary 

conditions. Many research groups currently simulate 

break-up of liquid streams using advanced Eulerian 

atomization models [9].  Key to the accuracy of these 

models is the quantification of complex atomization 

properties including determination of ligament sizes, 

liquid jet peel-off rates, probability distributions 

conditioned on liquid shapes rather than droplet sizes 

while also specification of the interaction between gas 

phase turbulence and atomization phenomena.  Many of 

these phenomena have been characterized in the 

literature [9-10] albeit with limited quantitative data.  

However, for this information to be useful to the 

combustion community these spray systems must be 

used in combusting environments.  

In this paper we present an extension of the 

burner of O’Loughlin and Masri [2] to include spray 

atomization in its core.  The atomizer has been presented 

previously in the literature [11] and has the capability of 

altering the density of the spray at the boundary, while 

also the degree of atomization with equivalence ratio, 

however this is now mounted in a burner.  The 

objectives of the burner are to provide a platform for the 

investigation of atomizing sprays in hot environments 

where non-spherical objects can also be measured, such 

that the full range of processes including atomization, 

dispersion and auto-ignition can be investigated using a 

relatively simple and well-defined burner geometry.  In 

this contribution we present the initial flame 

characterization, PDA measurements, and a sample of 

images providing information on non spherical liquid 

objects, with a discussion of their significance. 

 

2. The Burner 
The atomizer has been described elsewhere [11], 

therefore only a brief description of the burner is 

provided here.  A sectional view is shown in Fig.1 with 

the vitiated co-flow plate located at the top, just 

upstream of a shroud (not utilized here).  The atomizer is 

centered in the burner housing and is surrounded by 

glass beads. The atomizer can operate in air blast mode, 

with and without swirl, as well as effervescent modes 

which are further described elsewhere [11].  In this  
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Figure 1: Schematic of the Atomizer and Burner

contribution, only the non-swirl, air-blast stage is used 

which consists of a central liquid jet issued from an 

orifice of diameter dor=500um with air flowing coaxially 

around the central liquid jet. This air blasts the liquid jet 

in the channel of D=10mm (shown on Fig. 1), thereby 

atomizing it through an air assisted mode, via the action 

of Rayleigh-Taylor instability and turbulent entrainment.  

3. Experimental Methods and Flame 
Characteristics 

 

A mixture of hydrogen and air flows through the co-flow 

plate in order to achieve a temperature of a desired value, 

measured in this case, using a Pt-0%Rh on Pt-10%Rh 

thermocouple.  The temperature measured and used 

throughout all cases in this paper is equal to T=1306K at 

the exit of the co-flow.  Measurements of droplet sizes 

and velocities are made using a commercial laser/phase 

Doppler anemometer with full details and experimental 

uncertainties provided elsewhere [3].   

3.1 Flame Characteristics 
 

Figure 2 shows a selection of ethanol flames with 

conditions provided in the caption.  An initial light blue 

emission followed by an intense luminous region is 

present, similar to the observations of [2].  The base of 

the luminous region is marked by L in figure 2 and this 

is measured from flame photographs. Figure 3 shows the 

location of the luminous region base (L) normalized by 

the air-blast jet diameter (D) and plotted versus F/A 

(which is the mass ratio of liquid fuel injected over that 

of carrier air) for a number of ethanol cases at T=1306K.  

Curve ML1 is for a fuel injection rate of M=0.04kg/min, 

M=0.046kg/min for ML2 and M=0.06kg/min for ML3. 

Two different trends are noted: (i) at low values of F/A 

(smaller than about 0.15) the height increases with a 

decrease in F/A ratio. This is nominally marked as the 

dilute spray regime. (ii) For values of F/A higher than 

about 0.15, L/D increases with an increase in F/A due to 

excessive liquid loading at the exit plane which has not 

allowed for sufficient atomization and pre-vaporization. 

This is referred to as the dense spray region which is 

heavily dictated by atomization at the exit plane. The 

horizontal line shown on Fig. 3 indicates the downstream 

limit beyond which the flame may be affected by air 

entrainment and is determined as in [1]. The distance 

from the burner exit to this limit is referred to as the 

“valid region” where the flame is subjected only to the 

hot co-flow and subsequent measurements are therefore 

restricted to locations within this “valid region”. Two 

cases are chosen for further investigation, the circled 

case (EDi1; with liquid loading M=0.046kg/min and 

blast velocity Uj=57m/s) and the squared case (ED2; 

with M=0.06kg/min and Uj=48m/s) representing the two 

extremes of the flame stability curve. 

 
 

Figure 2: Photographs of ethanol flame with loading 

M=0.06kg/min and Uj=42,45,57,67m/s from left to right. 

The leading edge of the luminous region is marked by L. 

L 
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4. Results 

Figure 4 shows the arithmetic mean droplet diameter 

measured in case ED2 where an `h’ in the caption 

indicates a flame and a `c’ a non-reacting jet.  The plot 

shows that an increase in the droplet diameter occurs at 

the centerline of the jet which is indicative of an un-

atomized spray core.  At the exit plane, the non-reacting 

and reacting cases overlap, however by X/D=3 it can be 

seen that in the shear layer differences are observable 

between the two cases.  Due to the heat from the co-

flow, droplets which have atomized from central liquid 

fragments have migrated to the shear layer (at r/D>0.8). 

These provide vapor for a reaction front that 

subsequently vaporizes all the existing small droplets 

due to their faster vaporization times. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Height of second luminous region L/D vs. F/A. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Arithmetic mean diameter vs normalized radial 

position for ED2-c (o) and ED2-h (x). 

 

The consumption of small droplets around the periphery 

is also apparent through the photographs of figure 2 

showing initial signs of auto-ignition in the near exit-

plane region. This consumption of small droplets is 

made more apparent through figure 5 showing the 

normalized droplet diameter histogram for case EDi1 (h 

and c).  What is clear from case EDi1 of figure 5, is that 

the small droplets (d<15um) are largely consumed by the 

flame at x/D=3.  This is far upstream of the second 

luminous region. However, while that is the case with 

regards to droplets in the shear layer, the core is 

unaffected by the co-flow heat until X/D=15, as seen 

through figure 4.   

 

Figure 6 shows mean velocity profiles for case ED2-h, 

where similar mean velocity trends are noted for EDi1-h 

(not shown here for brevity). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Normalized histogram of droplet diameter at 

x/D=3 for Edi1-c and Edi1-h. 

 

The increase in diameter in the core of the spray seen 

through Figs. 4 and 5, corresponds to a notable decrease 

in the mean velocity at the centre.  This is due to the 

presence of large droplets but also ligaments excluded by 

the PDA system. These ligaments are unbroken, 

therefore not supplying small droplets that follow the gas 

phase.  Moving further downstream (top left->top right, 

bottom left->bottom right) shows that dispersion begins 

to take effect, thereby resulting in a fully developed 

spray.  Observing any of the subfigures, it may be seen 

that the mean velocity conditioned on the smallest 

droplets (d=0-10), still contains the `kink’ in the mean 

velocity at the centerline, showing that the gas phase is 

severely affected by the presence of liquid.  Given that 

the PDA data suggests a liquid core is present, further 

imaging must be done to ascertain its importance. 

 

4.1 PDA Limitations and Imaging 
 

While the PDA data is able to provide useful information 

regarding the velocity of the spray and some insights 

into the dispersion rate and droplet dynamics; the droplet 

size information, particularly at the exit plane is 

misleading.  Information on deformed droplets and 

ligaments, which populate a great proportion of the spray 

are neglected.  If the burner is to be a platform for the 

investigation of atomization as well as combustion, 

further measurements must be made available.  Figure 

7(left) shows a sample backlit microscopic image of a 

typical spray examined here with a full method 

description in [11].  The field of view is 2.6mm and the 

spatial resolution is 3.3um and this is for a case 

Uj=64m/s and M=0.07kg/min.  A number of ligaments 

and deformed objects are present.  An extensive 

calibration study has been undertaken in order to size 

both in focus and defocused objects, and this is done in 

order to choose a suitable pixel threshold for 

binarization.  The calibration methodology and results 

will be presented elsewhere due to space limitations and 

hence a sample result is shown in figure 7 (right) 

featuring the probability of detecting deformed droplets 

X/D=0.8 X/D=3 X/D=5 

X/D=10 X/D=15 X/D=20 
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as a function of the exit Weber number 

Weexit=ρgUj
2
dor/σ, where ρg is the gas phase density and 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Mean velocity vs normalized radial position for 

ED2-h at x/D=0.8 (top left), 3, 5, 10, 15 and 20 (bottom 

right), subranged on d=0-10um (+), d=40-50um (  ), 

d=all (x). 

 

σ is the liquid surface tension.  The results show how the 

probability of detecting deformed droplets increases with 

an increase in the We number. This phenomenon occurs 

because at lower We numbers, large unbroken volumes 

and long ligaments are present which contribute to the 

overall population of objects.  Measurements not shown 

here demonstrate that as We increases, ligaments and 

large volumes atomize and produce deformed droplets.  

The image processing methodology distinguishes 

between various shapes through calculation of their 

aspect ratios where aspect ratios A>3 are classified as 

ligaments, unlike a deformed droplet which here is 

classified as an object with 2<A<3. 

 

 

 

 

 

Figure 7: Sample snapshot of dense spray boundary 

condition (left) and probability of appearance of  

deformed droplets vs Weexit.(right). 

 

This provides quantitative data pertaining to the 

atomization behaviour at the exit plane, allowing for an 

understanding of the structure of the near exit plane 

break-up that departs from the over-simplifying method 

of only providing droplet diameters.  A further question 

to ask is whether deformed droplets and ligaments such 

as those shown in figure 7 (left) interact with the flame 

front. OH-LIF data not shown here due to space 

limitations shows a clear separation between liquid 

fragments and the reaction front.  However, while there 

is no direct interaction, further analysis of different 

liquid fragment shapes should be undertaken, given that 

vaporization and atomization rates are surface area 

dependant and therefore shape variation will heavily 

affect downstream flame structure by supplying a 

different rate of small droplets.  The incorporation of 

non-spherical liquid fragment information such as that of 

figure 7 into both Eulerian and Lagrangian break-up 

models is therefore suggested.   

 
5. Conclusions 

A burner has been presented which allows for the 

investigation of atomization, dispersion, and auto-

ignition in a single experimental setup.  Digital 

photographs, PDA and microscopic imaging have been 

used to provide insight into the boundary conditions and 

flame structure and to quantify non-spherical objects 

due to their suggested importance in overall 

vaporization rate.  Two regimes have been noted termed 

the `dilute’ and `dense’ regions of the burner 

operational curve which dictate how the flames vary 

with F/A ratio.  For all conditions, the boundary 

conditions are such that microscopic imaging is required 

in order to ascertain the liquid breakup structure which 

is otherwise rejected by conventional Doppler 

measurement techniques. 
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