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FOREWARD 
 
Adelaide is going to take centre stage in combustion research over the next few 
months. It is fitting that it hosts the 2019 Australian Combustion Symposium as a 
preamble to hosting the global event of the 38th International Combustion 
Symposium in July 2020.  
 
The combustion community in Australia and overseas is well positioned to respond 
to global challenges in energy supplies and continues to address issues of the 
gradual decarbonisation of the sector. This is evident from the broad scope of topics 
that are addressed at the 2019 Australian Combustion Symposium which is held at 
the University of Adelaide. A recent emphasis in many of the papers to be presented 
at this conference is on cleaner fuels and fuel blends, as well on understanding and 
controlling pollutants formation with a focus on particles.  
 
The conference program also brings together an outstanding team of invited 
speakers. The “Bilger Lecture” will be presented by Professor Epaminondas 
Mastorakos, from the University of Cambridge addressing “Recent developments in 
turbulent combustion modelling and laser-based experiments and their relevance to 
practical systems”. Professor Mara de Joannon, from CNR, Italy will presented a 
plenary talk in the “Stability of MILD Combustion in temperature tailored reactors - A 
perspective on thermal conversion of energy carriers”, while Professor Bogdan Z. 
Dlugogorski, from Charles Darwin University will address the topic of “Flammability 
of Hydrogen Sulfide (H2S) and Carbon Disulfide (CS2)”.  
 
The contribution of young scientists and research students is an essential part of 
these conferences. Therefore, a novel feature was introduced in this conference as a 
series of invited “Technical Talks” by Early Career Combustion Scientists who are on 
track to become future leaders of combustion research. Their talks address a broad 
range of interesting and highly relevant topics. For research students, and to assist 
with their travel costs to the conference, fifteen grants were awarded by the Australia 
and New Zealand Section of the Combustion Institute. 
 
As Chairman of the ANZ-Section and on behalf of all our membership and delegates, 
I would like to thank the local organizing committee in Adelaide for their tireless work 
and dedication in making the 2019 Australian Combustion Symposium an 
outstanding success. Our thanks go to: A/Profs Paul Medwell and Zeyad Alwahabi, 
Dr Michael Evans, Drs Shaun Chan, Zhao Tian and Alfonso Chinnici, and Prof. 
Bassam Dally. 
 
We hope you enjoy this conference and we look forward to seeing you at the 
upcoming 38th International Combustion Symposium which will also be held in 
Adelaide.  
 
Assaad Masri 
25 November 2019 
 

 



PREFACE 
 
The 2019 Australian Combustion Symposium was held 4–6 December 2019 at 
The University of Adelaide. We were delighted that Prof. Epaminondas Mastorakos 
delivered the Bilger Lecture, and esteemed plenary speakers were Prof. Mara 
de Joannon and Prof. Bogdan Dlugogorski. Another eight invited speakers also 
featured in the programme to deliver technical talks. 
 
The biennial meeting is Australia’s preeminent conference in the field of combustion, 
and builds on a long-standing series of events, including Sydney (2017), Melbourne 
(2015) and Perth (2013). The conference will be a precursor to the prestigious 38th 
International Symposium on Combustion, which will also be in Adelaide. Both 
meetings are held under the auspices of the Australia and New Zealand section of 
the Combustion Institute. 
 
The programme featured 54 presentations, which were selected based on the 
scientific review of a four-page research paper (eight pages for invited speakers) by 
two technical experts. Authors were given the option of publishing the full paper or 
only the abstract. 
 
The meeting would not have been possible without the support of the following 
sponsors and exhibitors. We gratefully acknowledge the contributions of… 
 
SPONSORS 

• The University of Adelaide 

• Mission Innovation 

• The University of New South Wales, Sydney 

• Coherent Scientific 

• Kenelec Scientific 

• Lastek 

• NewSpec 

• Scitech 
 
EXHIBITORS 

• InnoLas Laser 

• IR Sweep 

• Scitek 

• Testo 
 
 
Local organising committee: 
 

Paul Medwell (chair) 
Zeyad Alwahabi (co-chair) 
Michael Evans (secretary) 
Shaun Chan (lead technical reviewer) 
Alfonso Chinnici 
Zhao Tian 
Bassam Dally 

■ 

https://www.adelaide.edu.au/
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SPONSORS 
 
The following companies had a booth at the conference and their financial support 
contributed to the success of the conference… 
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ABSTRACT 

 

The prediction, at the design stage, of pollutants emitted from combustion devices such as 

reciprocating engines and gas turbines, would be advantageous from the perspective of 

allowing innovation and savings in development costs. However, designers are at present 

limited by the lack of fundamental knowledge and accurate enough simulations tools. The 

explosive growth of high-repetition rate imaging and of computing power that allows Large-

Eddy Simulation for realistic devices the last few years has changed drastically both 

experiments and numerical research in this field, and in particular has offered validation of 

theoretical models in ways that were not available before. The time-resolved behaviour of the 

flame is discussed through its relevance to thermoacoustics, a very important phenomenon 

for gas turbine combustors, and to lean blow-out, which is of vital importance for operability 

of low-NOx concepts. The need for simultanous multi-scalar imaging is emphasized. The 

limitations and strengths of present modelling approaches are also discussed from the 

perspective of usefulness to industry and the future use of CFD for combustors. 
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Stability of MILD Combustion in temperature tailored reactors: 
A perspective on thermal conversion of energy carriers 

 
M. de Joannon1, P. Sabia1, G. Sorrentino2, P. Bozza1, G. Ceriello2, V. Manna1,2, 

 G. Ariemma1, A. Cavaliere2, R. Ragucci1 
1Istituto di Ricerche sulla Combustione - C.N.R., Napoli – Italy  

2 Università degli Studi di Napoli, Federico II, Napoli-Italy 
dejoannon@irc.cnr.it 

 
ABSTRACT 
 
MILD combustion processes and systems are among the few advanced combustion           
technologies which intrinsically satisfy the general criteria of sustainability, fuel flexibility           
and readiness level required to face the energy issue. Because of inlet/local high diluted and               
preheated conditions in which the fuel conversion occurs, the process evolves through            
peculiar distributed spontaneous ignition based on local igni-diffusive structures, very          
different from the ones occurring in premixed and diffusion flames. Igni-diffusion will be             
described and discussed in relation to elementary configurations and different possible initial            
conditions highlighting its unique characteristics. By means of the stabilization of MILD            
combustion process for a wide palette of energy carriers, from standard carbon based fuels, to               
biogas, alcohols, ammonia and mixtures surrogating wastes it will be proved the possibility to              
tailor the operational temperature in a wide range of values provided that the attainment of               
the cross-over temperature of high temperature radical branching is locally achieved. This            
outstanding feature turns the concept of “combustion process” into those of “thermochemical            
conversion process” where the output conditions can be easily tuned based on end-use needs. 
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Flammability of Hydrogen Sulfide (H2S) and Carbon Disulfide (CS2) – 

Review of Present Insights into Reaction Mechanisms 
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Abstract 
Reduced sulfur species persist as important industrial raw materials and as essential impurities in most fossil fuels.  They also 

display extreme flammability, triggering serious fire emergencies in industries, even as highly diluted mixtures in chemical and 

petrochemical storage, transportation and laboratories.  This contribution reviews the flammability and oxidation mechanism 

of reduced sulfur species (especially, 
1
H2S and 

1
CS2), explaining their fire hazard from molecular considerations.  (To avoid 

confusion, we explicitly state the spin multiplicity as a superscript number in front of each species.)  The flammability of H2S 

and CS2 is characterised by their extremely low ignition temperature and flash point.  By examining the key elementary 

reactions in their oxidation mechanisms, we highlight the occurrence of intersystem-crossing (ISC) processes, which 

significantly reduce the activation energy for the chain initiation and chain branching steps, leading to the ignition of H2S and 

CS2 at lower temperature.  ISC represents the transition between two electronic states with different spin multiplicities at the 

same energy level, resulting in the crossing-over between triplet and singlet reaction pathways.  The oxidation of reduced 

sulfur species transits into the singlet (excited state) reaction pathway through the ISC seams, offering alternative corridors 

with much lower activation barriers.  In comparison, the oxidation of hydrocarbons proceeds along the conventional triplet 

(ground state) reaction pathways that typically entail significantly higher activation barriers.  For H2S oxidation, we highlight 

the occurrence of ISC in 
1
H2S + 

3
O2, 

2
SH + 

2
SH, 

3
S + 

3
O2, and 

3
SO + 

3
O2 reactions.  Similarly, the CS2 oxidation relies on the 

ISC process for 
1
CS2 + 

3
O2 and 

1
CS + 

3
O2.  These occurrences of ISC reactions highlight the reduced sulfur species as a group 

of a very flammable character.  

 

Keywords: Flammability, Reduced Sulfur Species, Intersystem Crossing (ISC), Reaction Mechanisms 

 

1. Introduction 

Sulfur stands as an essential impurity in fossil fuels, 

biofuels and municipal wastes [1, 2].  Constituting up to 5 

wt % in unprocessed fossil fuels [3], sulfur gives rise to 

industrial problems on a large scale, most notably relating 

to environment protection and fire safety.  The fire hazard 

issue originates from the flammable nature of the reduced 

sulfur species, which are usually present as raw industrial 

material and impurities in fuels.  Almost half of the global 

reserves of natural gas contains H2S [4], typically in 

concentrations of more than 100 ppm [5], earning a 

moniker of sour gas for these deposits.  The presence of 
1
H2S, even when highly diluted, triggers serious industrial 

fire (and toxicity) hazards in petroleum piping and oil tanks 

[6].   

 

Apart from 
1
H2S, other less-known reduced sulfur species – 

carbon disulfide (
1
CS2) and carbonyl sulfide (

1
COS) – are 

also produced during combustion, or thermal pyrolysis of 

fuels [6].  As an excellent non-polar solvent, 
1
CS2 has found 

numerous applications in both laboratory and industry.  

However, 
1
CS2 displays extreme flammability [7] and high 

explosion propensity [8], which has led to several fire 

accidents in industrial facilities [9], laboratories [10] and 

chemical warehouses [11].  As an impurity in natural gas, 
1
CS2 also lowers the ignition point of methane, resulting in 

increased fire hazard in application of fossil fuels [12, 13]. 

 

Table 1 compares the flash points and the auto-ignition 

temperatures of 
1
H2S and 

1
CS2 with other flammable 

chemicals.  The flash point of 
1
H2S resides at -82 

o
C, below 

those of 
1
CS2, methanol and gasoline.  Moreover, its auto-

ignition temperature falls much below that of 
1
H2 (232 

o
C 

versus 500 
o
C).  This indicates that, insertion of sulfur atom 

into the 
1
H2 molecule significantly raises its hazardous 

nature.  With respect to 
1
CS2, its flash point matches that of 

gasoline at -43 
o
C, while its auto-ignition temperature 

exceeds that of white phosphorous, but only by 56 
o
C.  

Compared to the hydrocarbon species, reduced sulfur 

compounds induce significant fire hazards of fossil fuels. 

 

Table 1: Comparison of flammability properties of H2S and 

CS2 with other highly-flammable species. 

Fuel type Flash point (oC) 
Auto-ignition 

temperature (oC) 

White phosphorous 

(P) 
n.a. 34 

Hydrogen (H2) n.a. 500 

Hydrogen sulfide 
(H2S) 

-82 232 

Carbon disulfide 

(CS2) 
-43 90 

Ethanol (C2H5OH) 17 365 

Gasoline -43 280 

 

As important feedstock in the manufacturing of fibres [14] 

and fertilisers [15], sulfur-containing species initiated 

several factory [11, 16] and transportation [17] fires.  Fire 

accidents of flammable chemicals usually involve 

significant fatalities, and economic and productivity losses.  

Moreover, these fires induce explosions and contaminate 

surrounding areas with toxic products of incomplete 

3



combustion.  Once released into air through oxidation, 

sulfur species convert to SOx, mainly as sulfur dioxide [18, 

19].  Beside its well-known role as a potent greenhouse gas, 
1
SO2 reacts with 

3
O2 and water to be returned to the Earth’s 

surface as acid rain. 

 

This review investigates the fire hazard of 
1
H2S and 

1
CS2 by 

scrutinising their detailed oxidation mechanism.  We 

carefully examine the reactions ensuing between sulfur 

species and oxygen from experimental and quantum 

chemistry perspectives.  The underlying focus in this 

review is to survey chemical phenomena behind high 

flammability of sulfur-containing species.  The review 

concludes by summarising pertinent knowledge gaps and 

proposing future research directions to consolidate our 

current understanding of a rather complex combustion 

chemistry of sulfur. 

 

2. Hydrogen Sulfide (H2S) 

2.1 Flammability and oxidation mechanism of H2S 

As illustrated in the introduction, H2S features a low flash 

point of -82 
o
C and an auto-ignition temperature that resides 

at 232 
o
C.  Under ambient conditions in mixtures with air, 

the explosion limit of H2S extends from 4.3 % to 46 % [20, 

21].  The low ignition temperature and the wide range of 

explosion limits of H2S clearly identify it as a chemical that 

exhibits extreme fire-hazard properties.  Yet, until present, 

realistic predictions of this properties have fallen outside 

capabilities of the kinetic mechanisms of oxidation of H2S.   

 

Cullis and Mulcahy (1972) conducted the first 

comprehensive review of the combustion of H2S [22].  This 

seminal work surveyed early low-temperature photolysis 

experiments and flame studies and proposed the 

consumption channels of H2S to form a wide array of 

intermediates, such as 
2
SH, 

3
SO, 

3
SO3, 

3
S, 

3
S2, 

2
OH and 

2
HO2, leading to the final products of 

1
SO2 and H2O. 

However, due to the lack of reliable kinetic parameters for 

some key reactions and thermochemical data for several 

species, robust validation of the proposed mechanism 

remained largely impractical. 

 

A further study by Gargurevich [23] summarised some 

early work on kinetics of sulfur chemistry and also 

estimated the rate parameters for some missing steps to 

resolve the role of H2S in the Claus process.  A subsequent 

investigation of Hughes et al. [24] discussed the 

uncertainties underlying the key reaction steps, such as 
3
SO 

+ 
2
OH and 

1
SO2 + 

2
H.  Realising the importance of 

2
SH, 

3
S 

and 
3
SO radical species in the mechanism, Tsuchiya et al. 

[25] measured the reaction rates of three critical elementary 

reactions: 
2
SH + 

3
O2, 

3
S + 

3
O2 and 

3
SO + 

3
O2 in shock-tube 

experiments within a high-temperature window of 1000 to 

1600 K.  Cerru at al. [26, 27] developed a reduced 

combustion mechanism for oxidation of H2S that extended 

the radical pool to contain 
2
HSS, 

1
HSSH, 

2
HSO and 

2
HSO2; 

here, the word “reduced” means incomplete, as the authors 

realised that their mechanism may not be complete.  

However, the authors highlighted the significant 

uncertainties germane to reactions involving 
2
SH, 

2
HSS and 

1
HSSH, proposing that, an accurate account for the 

combustion chemistry of 
1
H2S must consider all reactions 

corridors that involve these species. 

 

Recent studies of Zhou et al. [28, 29] and Gao et al. [30] 

have combined experimental work and high-level 

theoretical calculations to resolve the role of H2/S2 system 

(including 
2
SH, 

2
HSS and 

1
HSSH) in H2S oxidation, in 

which these authors suggested a reaction process that 

crosses over between triplet and singlet potential-energy 

surfaces.  The updated mechanism results in a satisfactory 

agreement with further experimental validation in a vertical 

tubular flow reactor at 950 – 1150 K under atmospheric 

pressure [31].  Song et al. further expanded the experiments 

using a flow reactor operated under high pressure of 30 and 

100 bar [32], and interpreted the results based on Zhou’s et 

al. mechanism under ambient pressure [31].  Song' et al. 

[32] performed their experiments in high-pressure tubular 

reactor to ensure the plug-flow condition.  For this reason, 

they revised rate parameters for certain reactions (SH + O2, 

HSO + O2, HSS + O2) to allow the kinetic mechanism, 

developed to operate under atmospheric conditions, to fit 

their experimental measurements.  The reaction of 
2
SH + 

2
SH produces either 

1
H2S + 

3
S (chain propagation) or 

1
HSSH (chain termination) signifying a chief step during 

the oxidation of 
1
H2S. 

 

Figure 1 summarises the key consumption steps for 
1
H2S 

oxidation based on the studies mentioned above.  In the 

next section, we will discuss each step (Reactions R1 – R6) 

in light of accurate quantum chemistry calculation that 

introduce the likely occurrence of intersystem crossing to 

elucidate the experimentally-observed excessive 

flammability of 
1
H2S. 

 

 

Figure 1.  Key oxidation steps that operate in the 

combustion of 
1
H2S. 

 

2.2 Intersystem crossing for key elementary 
steps 

For the chain initiation step R1 (
1
H2S + 

3
O2), Montoya et al. 

[33] have conducted quantum chemistry calculation at the 

G2 level of theory [34].  A direct H abstraction by the 

ground-state O2 molecule incurs a sizable activation energy 

of 168.8 kJ/mol at 0 K via the transition structure TSb as 

Fig. 2 demonstrates.  However, the products of this reaction 

reside approximately at the same energy level as the 

transition state, suggesting that the reaction proceeds in 

reverse; i.e., by 
2
SH abstracting H from 

2
HO2.  It is more 

likely that, the reaction involves an intersystem-crossing 

process, as described in Reaction R1 and depicted in Fig. 2 

 
1
H2S + 

3
O2 → 

2
HSO + 

2
OH R1 
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By considering the reaction between H2S and singlet 
1
O2, 

Montoya et al. [33] found an insertion channel through a 

spin-forbidden formation of SOOH, i.e., four-member ring 

as the transition state, yielding 
1
HOOSH as an intermediate.  

This intermediate further dissociates into 
2
HSO and 

2
OH, 

acting as a chain branching step.  A crossing point between 

singlet and triplet reaction pathway allows the initial 

reactants on the triplet surface to transit onto the singlet 

reaction pathway.  The singlet 
1
HOOSH adduct falls into an 

energy well of 15.8 kJ/mol in comparison to the initial 

triplet reactants 
1
H2S + 

3
O2, and 49 kJ/mol below the 

separated products of 
2
HSO and 

2
OH; i.e., it displays 

significant stability.  While Montoya et al. [33] proposed 

the ISC process without locating the crossing point, Zhou et 

al. [31] estimated the ISC barrier as 147 kJ/mol, based on 

the experimental results from a tubular-flow reactor. 

 

 
Figure 2.  Potential enthalpy surface for 

1
H2S + 

3
O2 

calculated with G2 method at 0 K by Montoya et al. [33].  

All energy values (in kJ/mol) are in reference to the initial 

reactants of 
1
H2S + 

3
O2. 

 

The subsequent consumption process of 
2
HSO has not been 

investigated in detail, with no known potential surface in 

literature.  The sole estimation from Zhou et al. [31], for 

Reaction R2, suggests an activation energy at 27.6 kJ/mol 

to produce 
1
SO2 and 

2
OH.  Herein, we envisage that a four-

centred transition state, i.e., a four-member ring of 
1
HOOSO forms to produce 

2
OH and 

2
SO2.  The emerging 

2
OH radical readily extracts one hydrogen atom from H2S 

via a trivial activation energy at 4.2 kJ/mol (Reaction R3), 

as calculated by Ellingson and Truhlar [35]. 

 
2
HSO + 

3
O2 → 

1
SO2 + 

2
OH R2 

1
H2S + 

2
OH → 

2
SH + 

1
H2O R3 

 
 

Tsuchiya et al. [25] performed the direct measurement of 

the kinetics of the reaction of 
2
SH + 

3
O2 in shock-tube 

experiments.  They fitted the activation energy of 75 kJ/mol 

in a temperature range from 1400 to 1700 K.  The 

theoretical calculation of Zhou et al. [36] at ground state 

(triplet pathway) predicted the formation of 
3
SO + 

2
OH and 

2
HSO + 

3
O via activation barriers at 81 kJ/mol and 89 

kJ/mol at 0 K, respectively.  However, an activation barrier 

of 75 - 89 kJ/mol is still remarkable for a chain-branching 

process, leading us to consider other pathways to propagate 

the radicals. 

 

Theoretical calculation conducted by Zhou et al. [28, 29] 

with consideration of ISC offers a new channel for SH 

conversion.  As depicted in Fig. 3, the triplet reaction 

pathway displays an activation barrier at 23.7 kJ/mol at 0 

K, much lower than that of Reactions R4a and R4b.  
2
SH 

abstracts H from another 
2
SH to produce 

1
H2S and 

3
S atom.  

An alternative path is provided through the singlet pathway.  

Direct combination of two SH radicals produces singlet 
1
HSSH that converts to singlet 

1
H2SS by H migration 

between the S atoms.  Subsequent fission of S-S bond and 

intersystem crossing from singlet to triplet surface result in 
1
H2S and 

3
S in ground state as final products.  A further 

experimental study by Gao et al. [30] confirms that, the ISC 

channel dominates the reaction pathway under low 

temperature (< 800 K) with an estimated activation energy 

at 3 kJ/mol, while the triplet pathway governs the reaction 

above 1000 K.  This channel plays an important role in 

chain propagation to produce a S atom, via a significantly 

low activation barrier. 

 
2
SH + 

2
SH → 

1
H2S + 

3
S R4 

 

 
Figure 3.  Potential energy surface for 

2
SH + 

2
SH at 0 K 

calculated by Zhou et al. [29].  All energy values are in 

reference to initial reactants 
2
SH + 

2
SH, in kJ/mol. 

 

Further interaction between 
3
S and 

3
O2 generates 

3
SO and 

3
O.  This channel exhibits a substantial influence on the 

H2S oxidation to produce SO2.  Lu et al. [37] reported 

results from combined experimental measurements and 

theoretical calculations.  Profiles of product species reveal 

that, the S + 
3
O2 reaction demonstrates different 

temperature dependence for low (T < 1000 K, Ea < 3 

kJ/mol) and high (T > 1000 K, Ea > 30 kJ/mol) temperature 

range.  The behaviour of the 
3
S + 

3
O2 reaction is similar to 

that of the SH + SH reaction discussed above.  

Computational work of the same researchers, performed at 

the G2M level of theory, has also explored other possible 

reaction pathways.  Lu et al. [37] calculated the potential 

surfaces for S + O2 reactions separately on singlet and 

triplet surfaces, without pointing out the crossing-over 

between the two reaction surfaces (ISC).  The reaction, 

proceeding on a singlet surface, represents the only channel 

that can account for the low-temperature oxidation.  At 

temperatures higher than 1200 K, the triplet pathway 

dominates the overall 
3
S + 

3
O2 reaction (Reaction R5). 

 
3
S + 

3
O2 → 

3
SO + 

3
O R5 
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Tsuchiya et al. [25] observed similar behaviour for the 

reaction of 
3
SO + 

3
O2 (Reaction R6), concluding that, the 

activation energy of this corridor resides 34.0 kJ/mol above 

the separated reactants within a temperature range of 1130 

– 1640 K.  However, for lower temperatures of 250 – 585 

K, the activation energy corresponds to 19.0 kJ/mol, as 

reported by Garland [38].  This significant discrepancy may 

also originate from an ISC phenomenon operating in the 

low temperature window of Reaction R6.  No theoretical 

calculation has been conducted for 
3
SO + 

3
O2 and we found 

no potential energy surface for Reaction R6 in literature. 

 
3
SO + 

3
O2 → 

1
SO2 + 

3
O R6 

 

The inclusion of ISC processes leads to significant lowering 

of the activation energy for key elementary reactions that 

proceed in the oxidation of H2S.  The updated mechanism 

(that includes the ISC pathway) results in a satisfactory 

agreement with experimental measurements obtained from 

a vertical tubular flow reactor operated below 1150 K under 

atmospheric pressure [31].  To summarise, the low 

activation barriers for reactions between H2S and O2, 

caused by the unusual ISC process, results in the 

remarkable flammability of H2S.  As we pointed out above, 

the plausible occurrence of the ISC process in HSO + O2, 

SH + O2 and SO + O2 reactions warrants further 

investigations.  

 

 

3. Carbon Disulfide (CS2) 

3.1 Flammability and oxidation mechanism of CS2 

Myerson and Taylor [39] extensively studied the ignition of 
1
CS2-

3
O2 mixtures as an extremely flammable chemical, as 

a representative case for branched-chain reactions.  They 

demonstrated that, a mixture containing as little as 0.03 % 

(by mol) CS2 in oxygen ignites at 80 
o
C and 0.05 bar, 

resulting in sustained appearance of cool flames.  Once 

ignited, a cool flame propagates through the mixture at 55 
o
C, with the temperature rise in the flame of less than 15 

o
C.  

The most important oxidation products comprise 
1
CO, 

1
SO2, 

1
CO2, 

1
CS and 

3
SO, as well as 

1
COS.  Intermediates 

such as 
3
SO, 

3
S and 

3
O appear much more reactive than 

1
COS and 

1
CS [40], as inferred from low concentration of 

3
SO, 

3
S and 

3
O in the reacting system.   

 

Hanst and Myerson [41] were the first researchers who 

studied the kinetics of the explosive combustion of CS2.  

They applied the absorption spectroscopy to follow the 

variations in the concentrations of radical and molecular 

species during the explosion of 
1
CS2.  The 

1
CS2-

3
O2 

mixture, initially heated to between 190 
o
C and 300 

o
C, 

exploded spontaneously.  Strong and continuous 

absorptions confirmed the formation of 
3
SO and 

1
CS with 

the appearance of 
1
SO2 in the early stages of the explosions 

[42].  Spectroscopic techniques also served to investigate 

explosions of CS2 initiated by shock waves [43] and flash 

photolysis [44].  In both cases, 
1
CS2 oxidised mainly to 

3
SO, 

1
SO2 and 

1
CO.  However, experimental measurements 

on slow and explosive combustion of 
1
CS2 have not 

contributed much insight into mechanisms governing its 

oxidation, as researchers only reported the final products at 

particular low-temperature ranges.   

 

Along the same line of enquiry, Azatyan et al. [45] studied 

a low pressure flame of 
1
CS2 to probe the high-temperature 

combustion mechanism, with the electron spin resonance 

(ESR) technique to detect 
1
O, 

1
CS and 

3
SO as 

intermediates.  By analysing the relationship between 
3
O 

and 
3
SO in experiments, the authors proposed the formation 

of 
1
COS as a major conversion channel between O and SO 

with the reaction: 
1
COS + 

3
O → 

1
CO + 

3
SO.  To confirm 

the occurrence of this reaction, the authors added small 

amounts of 
1
COS to the 

1
CS2 flames, in a temperature 

interval of 350 
o
C to 600 

o
C.  They reported a lower 

accumulation of 
3
O and an increased yield of 

3
SO, 

validating the profound influence of 
1
COS on the oxidation 

of 
1
CS2. 

 

Homman et al. [46] deployed the isothermal flow reactor to 

study the combustion of 
1
CS2 in an excess of 

3
O2 at 927 

o
C 

and 0.4 bar.  They confirmed the presence of 
1
COS in the 

oxidation process of 
1
CS2.  In order to describe their 

experimentally-observed profiles of product species, they 

constructed a reduced kinetic model that included 
1
COS as 

an intermediate, concluding that the reaction of 
1
CS2 + 

3
O 

→ 
1
COS + 

3
S affords the production of 

1
COS. 

 

Glarborg and Marshall [47] have recently proposed a 

detailed oxidation mechanism of 
1
COS based on evaluation 

of experimental measurements from literature, and then 

studied its predictions with kinetic modelling.  For the 

consumption of 
1
COS, the authors considered three 

pathways: 

 
1
COS → 

1
CO + 

3
S R7 

1
COS + 

3
O → 

1
CO + 

3
SO    R8 

1
COS + 

3
O2 → 

1
CO + 

1
SO2 R9 

 

For thermal decomposition process (
1
COS → 

1
CO + 

3
S), a 

high activation energy at 260 kJ/mol, fitted from their 

experimental measurement over a high temperature window 

of 1900 – 3230 K [47], makes the process too slow to 

account for the conversion of COS.  The 
1
COS interaction 

with atomic oxygen (R8: 
1
COS + 

3
O → 

1
CO + 

3
SO) 

presents the major consumption channel for COS.  The 

authors fitted the rate parameters based on the experimental 

measurements of Homman et al. [46] around 1270 K, 

indicating an activation energy at 21.8 kJ/mol.  The 

dominant products are 
1
CO + 

3
SO, while 

1
CO2 + 

3
S could 

form at higher temperature.  In the absence of atomic O for 

the chain initiation, the activation energy for the reaction 

between COS and O2, R9 (
1
COS + 

3
O2 → 

1
CO + 

1
SO2) 

amounts to 134.4 kJ/mol.   

 

Furthermore, to evaluate their mechanism, Glarborg and 

Marshall [47] have compared prediction of their model on 

oxidation of 
1
COS with analogous experimental 

measurements obtained from studies involving batch, flow 

reactors [46] and shock tubes [48].  Although the proposed 

mechanism of oxidation of 
1
COS captured well the 

experimental profiles measured by Homman et al. [46] of 
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major species quantitated at the outlet of a tubular flow 

reactor, the reaction onset required a slight correction.  

Chiang et al. recognised the sensitivity of the overall 

mechanism to the reaction of 
1
COS + 

3
O and proposed the 

appearance the intersystem crossing from triplet to singlet 

surface [49]. 

 

Howgate and Barr [50] attempted to construct the first 

detailed kinetic model for 
1
CS2 oxidation to represent the 

1
CS2-

3
O2 flame.  The authors included a direct interaction 

between 
1
CS2 and 

3
O2 to produce 

1
CS and 

1
SO2 to account 

for the chain initiation with an activation energy at 179.5 

kJ/mol.  Further investigation by Hardy and Gardiner [51] 

adopted this chain initiation step in the oxidation 

mechanism and achieved satisfactory agreement with their 

experimental measurement for the ignition delay time of 

CS2 in shock–tube experiments.  The subsequent studies of 

Saito et al. [52] and Murakami et al. [53], involving shock-

tube experiments, led to the estimation of the activation 

energy of the reaction 
1
CS2 + 

3
O2 as 134.5 kJ/mol and 130.0 

kJ/mol, respectively. 

 
1
CS2 + 

3
O2 → 

1
CS + 

1
SO2 R10 

 

Recently, Glarborg et al. [54] formulated a kinetic model 

for oxidation of 
1
CS2, applying quantum-chemical 

calculations to determine the rate constants for the key 

reactions of 
1
CS2/

1
CS + 

3
O2.  The present authors have also 

updated the mechanism of oxidation of 
1
CS2 with the 

results of ISC calculations to explain the flammability of 
1
CS2 [55, 56].  Figure 4 outlines the key consumption 

channels for 
1
CS2 oxidation based on the studies mentioned 

above.  In the next section, we will discuss each step 

(Reactions R8 – R13) based on results from quantum-

chemical computations and will introduce the intersystem 

crossing to explain the flammability of 
1
CS2. 

 

 

3.2 Intersystem crossing for key elementary 
steps  

For the reaction of 
1
CS2 + 

3
O2, Glarborg et al. [54] 

investigated the corridors on both the triplet and singlet 

surfaces, and concluded the products to comprise 
1
COS and 

3
SO instead of formation of 

1
CS and 

1
SO2.   

 
1
CS2 + 

3
O2 → 

1
COS + 

3
SO R11 

 

As depicted in Fig. 5, the triplet pathway of 
1
CS2 + 

3
O2 

climbs to form the 
3
CS2O2 adduct, which then dissociates 

into 
1
COS and 

3
SO via a barrier of 223 kJ/mol.  However, 

the singlet oxidation offers an alternative pathway that 

operates via a significantly lower activation barrier.  

Compared to the triplet 
3
CS2O2 structure that features a 

strong O-O bond, the singlet SOOCS adduct forms via the 

dissociative addition of oxygen atoms at C and S atom 

requiring a profoundly reduced barrier.  By locating the 

cross-over between the energy surfaces of triplet and singlet 

corridors, we have estimated the crossing point to reside 

145 kJ/mol above the separated reactants of 
1
CS2 and  

3
O2 

and the triplet surface, which coincides with the 

experimentally interpreted values from the shock–tube 

experiments (130.0 – 179.5 kJ/mol) [51-53].   

 

 
 

Figure 4.  Oxidation pathways of 
1
CS2 with formation of 

1
COS.  The initiation step constitutes 

1
CS2 + 

3
O2 while the 

final products amount to 
1
CO and 

1
SO2. 

 

 
Figure 5.  Potential energy surface for 

1
CS2 + 

3
O2 

calculated by Glarborg et al. [57].  All energy values are in 

reference to initial reactants 
1
CS2 + 

3
O2, in kJ/mol. 

 

With the formation of 
3
SO through Reaction R11, its 

contact with 
3
O2 (Reaction R6) gives 

3
O as the most 

important chain carrier.  The subsequent reaction between 
1
CS2 and 

3
O proceeds through three reaction passageways, 

resulting in products of 
1
CS + 

3
SO, 

1
COS + 

3
S and 

1
CO + 

3
S2. 

 
1
CS2 + 

3
O → 

1
CS + 

3
SO R12 

1
CS2 + 

3
O → 

1
COS + 

3
S R12a 

1
CS2 + 

3
O → 

1
CO + 

3
S2 R12b 
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An experimental study using a fast flow reactor concluded 

that, the formation of 
1
CS + 

3
SO dominates the overall 

process, with only small generation of 
1
COS + 

3
S and 

1
CO 

+ 
3
S2 [58]. However, theoretical calculations on the triplet 

surface support just the formation of 
1
CS + 

3
SO, with a 

small activation energy at 4.2 kJ/mol.  To produce 
1
COS + 

3
S or 

1
CO + 

3
S2, the reactions must overcome higher 

barriers of 41.3 kJ/mol and 33.2 kJ/mol, respectively, as 

shown in Fig. 6 [58].  Thus, both reactions should be 

negligible when contrasted with the formation of 
1
CS + 

3
SO 

[59].  Here, we would like to suggest possible singlet 

reaction pathways to account for the formation of 
1
COS + 

3
S and 

1
CO + 

3
S2 [60], as detected in experiments. 

 

 
Figure 6. Potential energy surface calculated in this work 

for 
1
CS2 + 

3
O reaction [58].  Relative enthalpies are in 

kJ/mol at 298.15 K.   

 

As calculated by Glarborg et al. [54], 
3
O2 consumes 

1
CS 

with an activation energy of 117.5 kJ/mol on the triplet 

surface.  From their shock-tube experiments, Murakami et 

al. reported the activation energy of R10 as 51.0 ± 61.7 

kJ/mol [53].  Bearing in mind a significant uncertainty in 

experiments and high activation barrier incurred by the 

triplet corridors, we consider the occurrence of ISC for 

R13: 

 
1
CS + 

3
O2 → 

1
CO + 

3
SO R13 

 

Figure 7 illustrates our calculated reaction rate constant for 

Reaction R13 [55] along with the available experimental 

measurements from literature.  The calculated activation 

barrier in case of the triplet oxygen corresponds to 110.0 

kJ/mol, which compares well with the analogous value 

reported by Glarborg et al. [57] of 117.5 kJ/mol.  The 

addition of singlet 
1
O2 onto 

1
CS leads to the formation of 

the 
1
OCSO adduct, which resides 129 kJ/mol below the 

separated reactants of 
1
CS and 

1
O2.  Climbing through a 

trivial barrier of 29 kJ/mol, the 
1
OCSO adduct dissociates to 

1
CO and 

1
SO. 

 

From their shockwave-tube experiments, Murakami et al. 

reported the activation energy, albeit within a large error 

bound, for the reaction of 
1
CS and 

3
O2 of 51.0 ± 61.7 

kJ/mol [61].  Abián et al. increased this value to 79.2 

kJ/mol in order to improve comparison between 

experimental and modelled concentration of product 

species [62].  All these values fall significantly below those 

of the conventional triplet pathway calculated in our 

previous work (110 kJ/mol) [55].  In light of these 

experimental measurements and empirical fitting of rate 

constants, we conclude that, the reaction 
1
CS + 

3
O2 

proceeds through intersystem crossing with an estimated 

crossing point located 82 kJ/mol above the separated 

reactants of 
1
CS and 

3
O2.  

 

 
Figure 6. Potential energy surface calculated in this work 

for 
1
CS + 

3
O2 reaction [55].  Relative enthalpies are in 

kJ/mol at 298.15 K.   

 

 

In general, the mechanism proposed by Glarborg et al. [54] 

produces predictions that concur well with experimental 

results pertinent to ignition delays and explosion limits of 

CS2.  However, the mechanism tends to over-predict the 

concentration of species under low temperature conditions, 

especially with respect to measurements from flow reactors 

[62] and shock tubes [53].  Our recent work has introduced 

ISC pathways to the key elementary reactions 
1
CS + 

3
O2, 

1
CS2 + 

3
O, 

1
S + 

3
O2 and 

1
SO + 

3
O2 and reduced the ignition 

temperature by 260 K to achieve very good agreement with 

the experimental results as demonstrated in Fig. 8 [55].   

 

 
Figure 7. Comparison between our experimental results 

(■) for CS2 consumption with the corresponding laboratory 

measurements of Abián et al. [62] (▲) and modelling 

profile based on mechanism of Abián et al. [62], Glarborg 

et al. [54] and our updated mechanism [55]. 

 

To link the oxidation mechanisms presented herein with the 

fire-hazard behaviour of sulfur species, Table 2 compares 

the laminar burning velocity of 
1
H2S and 

1
CS2 with those of 

8



1
CH4, 

1
C2H2, 

1
C2H4, 

1
C2H6 and 

1
H2.  Even as H2 displays an 

extreme fire hazard, the burning velocity of 
1
CS2 exceeds 

that of H2.  Please note that, we have modelled the laminar 

burning velocity of CS2 and H2S with mechanisms available 

in references [32, 56] and transport data estimated by the 

Reaction Mechanism Generator (RMG) [63]. We have also 

demonstrated that, the oxidation of 
1
H2S and 

1
CS2 incurs 

low activation energies that mark their chain initiation 

steps.  This explains the extraordinary fire hazard of the 

reduced sulfur species. 

 

Table 2. Comparison of flat flame speed among 
1
CH4, 

1
C2H2, 

1
C2H4, 

1
C2H6, 

1
H2, 

1
H2S and 

1
CS2 under ambient 

pressure, along with the activation energy of the initiation 

step for each species. 

Fuel type Ea (kJ/mol) SL (cm/s) Source 

CH4 238 40 [72] 

C2H2 312 136 [73] 

C2H4 241 67 [74] 

C2H6 214 41 [75] 

H2 182 210 [76] 

H2S 147 272 modelling 

CS2 135 244 modelling 

 

 

4. The occurrence of intersystem crossing 
(ISC) process in sulfur species 

Intersystem crossing processes usually occur when 

vibrational levels of the two excited states overlap, as the 

transition entails little or no energy gained or lost in this 

situation.  As the orbital coupling in such molecules are 

substantial and a change in spin is thus more favourable, 

intersystem crossing arises most commonly in heavy-atom 

molecules.  Compared to traditional C/H/O/N combustion 

systems, the reduced sulfur species involving heavy atom 

(S) exhibit higher propensity for the ISC between different 

electronic states.  Especially, for reactions between sulfur 

species and oxygen, such as the above-discussed 
1
H2S + 

3
O2, 

1
CS2 + 

3
O2, 

3
S + 

3
O2, 

3
SO + 

3
O2 and 

1
CS + 

3
O2, the ISC 

processes dominate in the low to medium temperature 

range (< 800 K).  Oxygen and sulfur belong to the same 

group in periodic table, i.e., they share similar distribution 

of the outermost electrons.  Oxygen atoms carry six 

electrons located in 2s
2
2p

4
 orbitals while sulfur atoms 

comprise six electrons located in 3s
2
3p

4
 orbitals.  In the p 

orbitals, two of the four electrons have to be paired, while 

the last two could be unpaired to assume the triplet state or 

be paired to give a higher-energy singlet state.  The 

similarities between S and O atom assist in the conversion 

of triplet into singlet adducts when they couple with each 

other in reactions, i.e., intersystem crossing process (ISC) 

as discussed in sulfur oxidations [55]. 

 

 

5. Conclusions 

This contribution has reviewed the presently known 

insights into the reaction that occur in the oxidation of 
1
H2S 

and 
1
CS2 and may involve intersystem crossing (ISC), 

explaining the extreme flammability behaviour of these 

species.  Throughout this article, we have illustrated low 

activation barriers for several key elementary reactions, 

most notably, chain initiation (
1
H2S + 

3
O2 and 

1
CS2 + 

3
O2) 

and chain propagation (
2
SH + 

2
SH, 

3
S + 

3
O2, 

3
SO + 

3
O2 and 

1
CS + 

3
O2).  However, studies that report safety properties 

and combustion mechanisms of reduced sulfur species are 

rather limited.  Sophisticated experimental techniques, such 

as MBMS and synchrotron VUV photon ionisation MS 

could be applied to identify the electronic state of captured 

species in the combustion medium of the target reduced 

sulfur species.  Theoretically, more detailed calculations 

need to be carried out to map out potential energy surfaces 

(PES) for singlet and triplet reactions networks.  

Characterisation of overlapping the two PESs using multi-

reference characters methods may enable to locate the 

crossing points accurately.  
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Abstract 
 
The mechanisms that drive the formation of a spray suitable for combustion are generally well understood on a global level. 

Despite this, it remains a formidable challenge to be able to accurately predict the full cascade of processes that occur from 

initial instability formation on the liquid-air interface, to subsequent atomization, dispersion, and evaporation. In this article, 

some recent work in spray atomization and combustion will be reviewed, highlighting key insights within the context of the 

broader literature on primary and secondary atomization. The article will firstly provide a succinct summary of recent progress 

made in the measurement and interpretation of near-field spray dynamics, followed by developments in our understanding of 

atomization modes. A summary of recent spray burner designs will follow with the objective of highlighting a range of 

experiments whereby processes of atomization, evaporation, and downstream combustion can all be reliably measured within a 

single platform. 
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1. Introduction 

There is consensus that in a simple atomization problem, 

where a liquid jet is injected into a gas, instabilities lead to 

the formation of liquid fragments and subsequently droplets 

[1], with turbulence influencing this process. This simple 

view becomes increasingly obscured as modifications are 

made to spraying devices such that twin-fluid mixing can 

also be induced inside the nozzle, leading for instance to 

cavitation, or aeration of the liquid jet prior to its ejection 

from the nozzle. Mechanisms such as effervescent 

atomization [2] or blurry injection [3] are some of the ways 

of achieving this, and have proven potential to significantly 

reduce droplet size with less energy requirements. 

Regardless of the mode of atomization and its complexity 

in the near-field, there will initially be a defined liquid-air 

interface which subsequently becomes increasingly 

perturbed until it forms into fragments and droplets, leading 

to thousands of interfaces, which in the near-field of a 

spray, are highly contorted with a topological evolution that 

is challenging to predict. This becomes even more 

complicated for the case of supercritical conditions or flash-

evaporating sprays, however these remain beyond the scope 

of this paper. 

Historically, the transition from liquid jet to droplets has 

been categorized under an initial “primary atomization” 

process, which transitions to a subsequent “secondary 

atomization”, with qualitative observations being used to 

delineate between different regimes [4] in order to aid 

predictive modeling and analytical understanding. 

Categorizing atomization in terms of “primary” and 

“secondary” atomization is a convenience, and while our 

understanding in this area has improved substantially over 

the last ~20 years, it is still challenging to predict when all 

atomization processes are complete for a particular spray. 

The prediction of even the simplest quantity such as break-

up length remains challenging, and this, along with the 

prediction of the final droplet size of a spray, are two 

critical factors that would partly dictate the initiation of a 

flame, whether through an auto-ignition or forced ignition 

process [5, 6].  

It is understood that instabilities control the formation of 

many sprays. In laminar sprays, the well-known Rayleigh 

instability dictates droplet formation, and in situations with 

shear, the Kelvin-Helmholtz instability becomes dominant 

[1, 7, 8]. Significant acceleration of liquid fragments at high 

Weber numbers can see a Rayleigh-Taylor instability 

become relevant [1]. In effervescent atomization, “bubble 

explosions” were quoted to be the attributing factor to 

atomization. However, there is now evidence [9] suggesting 

that these sprays form due to longitudinal instabilities that 

cause repeated collisions. Even in electrostatic atomization, 

it is a Rayleigh instability, modified by Coloumbic 

repulsion that leads to droplet formation [10]. Therefore, 

the formation of initial perturbations cannot be ignored. 

However, the relative competition between various modes 

of instability, and how they contribute to atomization, 

remain very poorly understood. It is only in the last few 

years that we have even begun to resolve how turbulence 

influences these processes [11], and this has largely been 

due to developments in experimental methods as well as 

DNS.  

Understanding the processes that govern spray formation is 

only one part of the picture. Complementing this area is an 

ability to develop spray injectors that can advantageously 

make use of certain types of instabilities such that 

downstream processes can be controlled. Control over the 

structure of liquid fragments in the near field can affect 

downstream temperature profiles [12, 13] and, potentially, 

reaction zone structure growth [14]. Hybridization of 

atomization modes offers an avenue which would provide 

designers with more degrees of freedom to control the 

formation of a spray, and hence influence downstream 

combustion. This is generally an area which has received 

very little attention. As an example, the use of longitudinal 
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instabilities from effervescent atomization in tandem with 

shear induced instabilities has been proven to improve 

mixing processes [9] and dampen otherwise persisting 

downstream instabilities which would have undesirable 

effects on combustion. Likewise, combination of 

electrostatic atomization with traditional air-blast 

atomization has also been recently demonstrated, and given 

the known effects of electric charge on soot formation [15] 

this particular method of hybridization may offer an ability 

to control both atomization and combustion processes in a 

unique way.  

In this brief paper, drawing on research from the University 

of Sydney Combustion Group, and within the above 

context, the aim is to provide some insights into i) recent 

progress made in the imaging and analysis of near-field 

spray dynamics and instabilities, ii) the implications of 

turbulence on our description of atomization mechanisms, 

iii) recent research into the hybridization of atomization 

modes, and iv) the implications of the near-field of the 

spray on downstream combustion processes.  

 

2. Near-field spray imaging 

There have been a number of recent reviews on 

developments in experimental techniques for sprays with 

one standing out in particular [16]. Many of these 

techniques focus on analyzing the developed spray region 

downstream of where atomization has been completed, and 

where combustion starts to take place. This is a region of 

the spray which is generally occupied by spherical droplets. 

Traditional techniques such as phase Doppler anemometry 

(PDA), LIF/Mie, diffraction sizing, rainbow techniques, 

laser extinction, and other similar methods have been 

widely used here and reviewed elsewhere [16]. The primary 

measurement output from these techniques is a statistical 

droplet size measurement, the precise definition of which 

will depend on the measurement technique. For instance, 

laser diffraction usually provides some measure of 

cumulative volume diameter (e.g. DV,50) whereas in 

LIF/Mie, a measure of Sauter mean diameter (D32) is 

provided, and it is therefore important for the user to fully 

understand the differences in diameter measurement 

provided by different techniques. This can be a common 

source of error when comparing numerical to experimental 

data. Another example is comparison of diameter 

measurements from phase Doppler anemometry (PDA) 

which provides a point statistic from a time average, and 

backlight imaging which provides a spatial statistic. 

Corrections for instance must be made to directly compare 

diameter measurements from these two methods [17]. 

The focus of this section will only be on very recent 

experimental developments on the analysis of atomization 

of sprays in the near-field. Importantly, here we focus on 

spray formation where individual liquid fragments such as 

ligaments and the liquid jet can all be easily identified. For 

this to be possible, optical densities must be less than ~1-2, 

and therefore we are not in a “dense” spray regime. Dense 

spray imaging techniques, as relevant to high pressure 

injectors for instance, are not discussed here, however offer 

significant details on near-field spray core structure which 

cannot be provided through more standard methods.  The 

reader is directed to the excellent review of Linne [18] for 

further information on this. 

2.1 High Speed Near-Field Imaging method 

The technique which enables direct measurement of 

atomization processes (not applicable to highly dense 

sprays) is straight forward so that much of the recent 

development of this method has been in the image 

processing methodologies as opposed to the hardware. High 

speed backlight imaging involves the use of a high-speed 

camera coupled with a long distance microscope lens. The 

illumination source needs to be strong enough so as to 

provide enough light over a ~3x3mm window and at 

repetition rates of up to 10-20kHz.  

 

Figure 1: Layout of three-camera high speed backlight 

illumination 

 

Work using this technique published in [19-21] has used 

Edgewave lasers (ranging from 15W to 100W) with the 

beam guided through a series of diffusing optics to 

illuminate the measurement volume. The QM100 

microscope lens used enables a spatial resolution typically 

from 2μm to 4μm depending on the configuration, with a 

depth of field that can also vary but is typically ~30μm.  

 

 

 

 

 

 

 

 

Figure 2: Sample four-frame image of an atomizing liquid 

jet using the multi-angle illumination method with liquid jet 

Reynolds number Rel=910, aerodynamic Weber number 

We=80, and mass flux ratio m=0.01. 
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Figure 1 shows one possible configuration of the imaging 

system with three cameras and two lasers, which would 

enable three-dimensional measurement of the liquid 

morphology whilst simultaneously providing a method of 

tracking fragments in time (as in particle tracking 

velocimetry (PTV)). This is possible by splitting the 

original two beams into 3 pairs of beams (using a series of 

50/50 and 70/30 splitters), with the two beams in each pair 

being separated in time by 5-30μs. 

A sample image using this technique from two cameras and 

two lenses, operated in “PTV mode” (separation in time 

(~5μs) from left to right and separation in space (90deg) 

from bottom to top) is shown in Fig. 2. This figure 

demonstrates the initial formation of instabilities on a liquid 

jet, as well as its subsequent atomization into fragments. A 

challenging aspect of this imaging method is correctly 

identifying the interface between the liquid and the air. 

Kashdan et al [17, 22] presented a method based on a 

gradient threshold in order to identify the location of 

“halos” around individual droplets which was only 

validated on spherical objects. In [14], a binarization 

technique is presented, validated against PDA for spherical 

droplets, which  employs a background threshold as a 

function of the droplet number density.  The latter 

technique is used in all of the multi-angle imaging methods 

presented by the University of Sydney group and ensures a 

threshold which minimizes the statistical error of droplets 

merging together whilst in parallel minimizing the 

statistical error of truncating the outer periphery of a 

droplet. This truncation can occur if a droplet is 

exceedingly de-focused which results in a gradient of 

intensity across the face of the droplet or fragment that 

cannot be accurately accounted for using a single 

binarization threshold. Multi-threshold binarization 

methods were attempted however resulted in minimal 

improvements. Despite the limitations of high speed 

backlight imaging, errors in volume for larger non-spherical 

fragments (typical of ligaments) were estimated to be of the 

order of ~11% [19], and compared to PDA measurements 

of SMD, the error was consistently less than 10% [14]. 

Work by Pham et al. [20] demonstrated that the backlight 

method using two cameras is also able to accurately 

measure the local volume flow-rate of a liquid spray 

containing a high proportion of non-spherical liquid 

fragments for Weber numbers less than ~20 (where a 

method such as PDA would result in a high rejection rate). 

This was achieved using an image processing methodology 

which fits multiple ellipses around individual non-spherical 

fragments and tracks them through the field of view. This 

has most recently been extended further by our group to a 

more robust method, operating on the principle of image 

discretization, which is proving to be functional over a 

much wider range of Weber numbers (MCS 2019 

submission by Singh et al.). 

Despite there being robust image processing methods that 

can provide quantities of fragment volumes, velocities, and 

various shape metrics in the near-field of sprays, there is 

still a significant lapse in data from simultaneous 

measurements of gas and liquid phase. Significant progress 

has recently been made in this area using holography and 

by combining PIV with backlight imaging [23, 24] to 

identify vortex formation behind individual droplets, 

providing further insights into how gas phase dynamics 

change with break-up regime for a canonical single droplet 

atomization experiment. However, there remains a 

significant amount of work to be done to fully ascertain the 

accuracy of these measurements for a range of conditions. 

2.1.1 Measurement of Local Non-Dimensional 
Numbers 

Pham et al. [21] used the multi-angle illumination technique 

to sub-range an image by droplet size, such that small 

droplets could be used as tracers of the gas phase. While the 

Stokes numbers of the droplets were still greater than 1, 

there was still a capability of estimate a slip velocity such 

that a local Weber number could be approximated. To the 

best of the author’s knowledge, this was the first time that 

such local measurements were obtained in atomizing 

turbulent sprays.  

A motivation of the study was to understand how the local 

Weber number varies according to global conditions. 

Shinjo and Umemura [25] identified that the local Weber 

number approaches a value of order ~1 when ligaments 

begin to break. This followed from original work from 

Umemura and Osaka [26] which specifically identified a 

square root local Weber number~0.8 in the transition from 

an unstable wave to an atomizing droplet (jetting to 

dripping). This local Weber number definition makes use of 

the local slip velocity at the scale of the droplet, and uses 

the half radius of the fragment as an appropriate length-

scale. The experiments of Pham et al. [21] enabled direct 

measurement of this quantity for a completely different 

spray to that examined by Shinjo and Umemura. It 

demonstrated that the value of sqrt(We)~0.8 is a quantity 

that was approached regardless of the Weber number, and 

this is shown in Figure 3. Interestingly, this same local 

Weber number was identified in a separate study from an 

electrified spray under laminar conditions [27]. 

 

Figure 3: Square root of local Weber number vs. major 

axis of fragment (regardless) of shape, from a Weber 

number of 15 to 37. Figure reproduced from [21]. 

Results from four different studies [21, 25-27] suggest that 

there is a degree of universality in how a ligament breaks 

up into a droplet at the local scale. One is tempted to draw 

an analogy to turbulence, where local isotropy is accepted 

as an assumption regardless of the Reynolds number, 
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however the physical mechanisms here are of course 

different. Nevertheless, direct imaging of liquid atomization 

and tracking of small droplets or particles to enable 

simultaneous gas phase measurements, can clearly provide 

us with unique insights which have not been possible until 

recently. 

An ability to accurately measure gas (the true carrier phase) 

and liquid phase simultaneously, remains a key limitation. 

This is a particular problem in the context of interpreting 

instability formation on liquid jets, while it also forms a 

substantial gap in our ability to compare models to 

experimental data. In the opinion of this author, this type of 

measurement, is the next key step in our ability to fully 

understand what drives the formation of droplets. 

2.2 Near-field atomization: What to look at? 

A key motivation for analyzing the near-field of sprays is to 

provide quantitative data on parts of the spray which have 

been historically difficult to probe. Not only does this assist 

in the development of numerical models, but it is also 

critical towards improving our understanding of the 

physical mechanisms that lead to droplet formation. With 

the introduction of techniques that can finally measure 

these regions of the spray, the challenge becomes one of 

knowing what to analyze, and whether or not it is of 

importance.  

 

Initial work conducted by the Combustion Research group 

focused on quantifying non-spherical fragments through 

definition of some consistent shape identifying metrics, and 

this was originally done through identifying objects on the 

basis of their nominal average size and aspect ratio, after 

fitting them with an ellipse [14]. This categorization is 

schematically shown in Figure 4. This approach was 

adopted to enable computation of statistics of ligament size 

or fragment area and perimeter, with a sample of such a 

result shown in Figure 5. 

 

Figure 4: Categorization of near-field spray by shape of 

fragments observed, using aspect ratio as a key metric. 

Figure reproduced from [14]. 

Figure 5 shows the characteristic size (Dch=average of 

major and minor axis of ellipse for droplets and other 

objects, Dch=major axis of ellipse for ligaments) for a 

typical air assisted atomization case. Of particular interest is 

the shape in the distribution that arises, where the droplet 

size distribution clearly abides by the expected log-normal 

distribution (which has been confirmed through subsequent 

work). However the distribution of unbroken volumes for 

instance (larger, unbroken fragments), does not abide by a 

distribution shape which is as consistently defined. The data 

provides a useful bank of information to study the potential 

relationships between the formation of irregular structures 

and the formation of droplets. As will be discussed in a 

later section of this paper, that information is also important 

towards describing downstream combustion behaviour both 

in a piloted spray burner and in an auto-ignition burner.  

The ability to directly measure the distributions of 

differently shaped objects is of particular use towards PDF 

modeling approaches and reveals insights into the shape of 

distributions of different fragments which lead to the 

following question: can the droplet size distribution be 

related to the distribution of ligaments or to the distribution 

of other fragments in the spray?  

Essentially the question to ask is, “where does the droplet 

size distribution come from”, the title of a recent paper 

published by Canu et al. [28]. In that contribution, an 

Eulerian-Lagrangian-Spray-Atomization (ELSA)  

framework was extended by incorporating information on 

the curvature of liquid fragments in the near field. This was 

proven useful in demonstrating that probability 

distributions of fragment curvature can be used to identify 

spray transitions, and also revealed a log-normal 

distribution of curvature, i.e. a similar shape as with the 

droplet size distribution. 

 

Figure 5: Sample probability distribution of characteristic 

size of droplets, ligaments and other fragments for case 

ET1 from [14]. Figure reproduced from [14]. 

Experimental measurements can aid in providing time-

resolved and direct measurement of curvature not only on 

the liquid jet but also potentially on the fragments that issue 

from the liquid jet as a function of time. Perhaps one of the 

only studies published to date which focused on the 

analysis of distributions of ligaments but also insightfully 

on the distributions of wavelengths on a liquid jet is that of 

Marmottant and Villermaux [7]. In the study it was 

confirmed that ligament dynamics give rise to a droplet size 

distribution that can be accurately related to the corrugation 

of waves on the liquid jet itself. Extending such analysis 

over a wider non-dimensional space and in highly turbulent 

flows, has not been conducted. The original work by 

Marmottant and Villermaux was extended by Varga et al 
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[29] to analyse the influence of Rayleigh-Taylor 

instabilities and while our understanding on how ligaments 

and droplets form in these complex sprays has clearly 

progressed, there remains a paucity of experimental data 

providing rigorous quantitative statistics on the full cascade 

from liquid jet instability formation, to fragment formation 

and finally to the droplet size distribution.  

2.3 Implications of Turbulence 

Recent work by our group has also focused on direct 

measurement of wave formation on liquid jets with Figure 6 

demonstrating one example of how the distribution of 

waves from a surface can match the distribution of ligament 

size. This type of data can provide insights into what causes 

ligaments to form and this work is part of an ongoing study 

in the group examining the key relationships between 

instability growth and fragment statistics over a very wide 

non-dimensional space.  

 

 

 

 

 

 

 

 

 

 

Figure 6: Probability Distribution of primary instability 

wavelength and ligament major axis from a coaxial airblast 

atomizer with We=39, Rel=4180, m=0.22. 

There is no disputing that instabilities are one of the causes 

of ligament formation and subsequent droplet formation. 

However the influence of turbulence on this phenomenon is 

relatively poorly understood. There have been some recent 

insights into the role of instabilities when there is 

turbulence in the gas phase, and given its practical 

relevance, some key results are presented here.  

In a practical scenario, where the gas phase is turbulent, is it 

possible to accurately interpret the role of instabilities on a 

liquid jet or fragment? One way of approaching this 

problem is to simply assume that every droplet that forms 

in the spray is a result of a particular instability that formed 

earlier upstream on a liquid fragment. The problem is 

identifying the type of instability that the droplet would 

form from, and of course many droplets can break up due to 

other mechanisms such as collisions. In [11], it was 

demonstrated that at high turbulence intensities in the gas 

phase, where the Weber number is high, it is reasonable to 

assume that every droplet forms due to a Rayleigh Taylor 

instability. This was originally suggested by Varga et al 

[29] for the case of a standard coaxial airblast atomizer. The 

wavelength of the Rayleigh Taylor instability (λRT) is 

estimated as in [29] through equation (1) where σ is the 

surface tension, a is an acceleration of liquid fragments, and 

ρ is density. 

                (1) 

a(t) is given by equation (2): 

(2) 

In [11], the primary instability (λ1) was measured from the 

images for the lowest turbulence intensity only. The reader 

should note that the primary instability wavelength was 

measured from a number of representative snapshots, and 

was not a statistical measurement. However, the 

instantaneous gas phase velocity ug was measured using 

laser Doppler anemometry, such that an approximate 

reconstruction of the probability distribution of Rayleigh-

Taylor wavelengths was made possible as shown in Figure 

7. For a high turbulence intensity case (T.I.=28%) it was 

found that the experimental data of droplet size measured 

using PDA was remarkably close to the estimated 

wavelength distribution after scaling through a single 

constant. Unfortunately, as good as this approximation was 

at high turbulence intensities, it completely broke down at 

lower turbulence intensities, where a mean wavelength 

estimate was possible, but not the full distribution. Analysis 

of the influence of the spectral broadness of the turbulent 

flow was not conducted however and could provide further 

insight. 

 

Figure 7: Droplet size distribution (markers) and 

distribution of Rayleigh-Taylor wavelength (theoretically 

reconstructed with experimental velocity data) for the air 

assisted atomizer of [11] with a mean gas phase velocity of 

31m/s, liquid jet diameter of 210um and turbulent intensity 

of 28%. Figure originally appears as subfigure in [11]. 

Approaching a predictive capability to estimate a full 

droplet size distribution using information from the near-

field, as shown above for the specific condition measured, 

would be a truly significant leap forward in the modeling of 

sprays. Unfortunately, this has yet to be achieved for a wide 

range of conditions, which results in the necessity of 

empirical scalings. While this is not necessarily a handicap, 
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it does require the constant provision of experimental data 

for every different atomizer configuration, which is time 

consuming and expensive. 

Knowledge of which instabilities compete to form droplets 

is not only of fundamental interest, but can also guide the 

design of injectors, and progress is currently being made in 

this area through our group (see ACS 2019 submission by 

Gutteridge et al.). While instability formation is key 

towards understanding droplet generation, what is just as 

important is an ability to control the instabilities and 

subsequent droplet sizes. Constant use of simple twin-fluid 

atomizers like coaxial air-blast atomizers, or simple single 

orifice high pressure injectors, offer very little ability to do 

this effectively. 

3. Hybrid Atomization Mechanisms 

The use of more than one atomization mode to contribute to 

the formation of a spray offers a degree of control which is 

not afforded by standard injectors. In this section, due to 

space limitations, only two possibilities for hybrid 

atomization will be presented. The first is a conventional 

coaxial air-blast atomization mechanism in tandem with 

effervescent atomization [9], and the second is conventional 

coaxial air-blast atomization in tandem with electrostatic 

atomization.  

 

Hybridizing atomizers in this way not only has practical 

benefits in that the formation of the spray can be controlled, 

but  is also interesting from a fundamental standpoint. For 

instance, in electrostatic atomization, Coulombic repulsion 

is a key force that contributes to atomization [10, 30], and 

this is a body force term that acts throughout the jet. 

However, once a droplet forms, the predominant action of 

the Coulomb force will be a radial repulsion of liquid. In 

contrast, in air-blast atomization, shear forces contribute to 

the disintegration of the liquid jet from the surface inwards, 

rather than throughout the liquid column. In contrast to both 

of the above, effervescent atomization results in 

longitudinal instabilities which lead to collisions of bubbles 

that can result in the radial expulsion of liquid, or results in 

a bubble explosion that drives spherical expulsion of liquid, 

which is unique, and a function of the gas-to-liquid ratio.  

 

Hybridizing atomization modes therefore results in the 

introduction of a number of competing forces, and 

practically offers more degrees of freedom to alter 

downstream spray behaviour through controlling the 

relative importance of different modes of instability or 

atomization mechanisms. 

3.1 Effervescent-Airblast Atomization 

Effervescent atomization has been reviewed elsewhere [2] 

and remains an active area of development given how 

efficient the method is at generating a spray with much less 

air than a typical airblast atomizer. The technique does not 

need small orifice diameters in order to result in small 

droplets, and can also operate effectively at low pressures. 

One of the known modes that drive effervescent 

atomization is the repeated expulsion of liquid “bubbles”, 

which is a result of an intermittent void fraction in the 

liquid jet. While this results in a very efficient atomization 

process through the development of longitudinal 

instabilities and bubble bursting events, it is inherently 

erratic [9].  

 

A hybrid effervescent-airblast atomizer is shown in Figure 

8. The addition of a shear flow around the central core in 

this instance offers an ability to maintain the advantage of 

effervescent atomization (highly efficient mist generation 

through longitudinal collisions and bubble bursting events) 

whilst employing an airblast mode to improve mixing. 

Results published in [9] demonstrated that the addition of 

an air-blast component, while influencing droplet size at 

low effervescent aeration levels, did not do so at higher 

levels, but still maintained a significant influence on the 

degree of dispersion and mixing. 

 

 

Figure 8: Schematic of the hybrid air-blast and 

effervescent atomizer. Figure reproduced from [9]. 

3.2 Electrostatic-Air-blast 

Electrostatic atomization is a mode that has received 

considerable attention in the form of an “electrospray” [15, 

31] which relates to the electrostatically manipulated 

atomization of conducting liquids. With liquids that have a 

high electrical resistivity (higher than ~5 x 10
8
  Ωm, such as 

Diesel, Mineral Turpentine, or Kerosene), the spray 

formation process becomes markedly different, and falls 

into the regime of “charge injection atomization” [30]. In 

these cases, a higher electrical field is imposed to the liquid 

through two electrodes that are a few hundreds of 

micrometers apart, but electrical charge is also able to 

reside in the liquid for some time, making it able to 

influence the flow-field and vice versa. Instabilities in 

electrostatic atomization are somewhat understood though 

not over a wide non-dimensional space. Rayleigh 

instabilities tend to generate the droplets initially, and then 

Coloumbic fission can fragment droplets into smaller ones 

over time [10, 27]. A unique feature of this atomization 

mechanism is that it can also result in a highly bimodal 

droplet size distribution, with small droplets preferentially 

concentrating around the periphery of the spray core due to 

their ability to rapidly migrate radially outward (because of 

a high charge per unit volume). Electrostatic atomization on 

its own has limitations due to the necessity for very high 

charge levels and also the requirement for very small orifice 
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diameters to maintain a high charge to volume ratio. 

Hybridizing this mode therefore becomes attractive, and a 

simple starting point is through the addition of a coaxial air 

flow. 

 

Such hybridization may provide insights into how this type 

of atomizer can be used to control the droplet size 

distribution shape (due to the ability of the charge to 

generate bimodality in the distribution) but also break-up 

length, through independent variation of an applied voltage.  

Figure 9 shows a schematic of a hybrid airbast/electrostatic 

atomizer which is currently being developed by our group 

(see ACS 2019 submission by Ahmed at al). This system 

houses a long high voltage needle electrode shrouded 

within a fuel injecting tube, which is contained within a co-

flowing stream of air. The final orifice is electrically 

grounded, and the system is designed to enable a degree of 

control between the electrode and the orifice in order to 

control the electric field in the inter-electrode gap. Images 

of the influence of charge at different Weber numbers (not 

shown here) demonstrate that there is a highly charged mist 

that forms around the central core, which would be 

consistent with previous observations in high pressure 

charged sprays [32]. This means that there will be a charge 

distribution across the spray, which clearly not only 

influences atomization but is also likely to significantly 

influence reaction zone structures. Previous work has 

demonstrated that the addition of charge onto a single 

droplet can have a significant influence on the dynamics of 

soot particles [15], however there is limited data on the 

interaction between charge and combustion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Schematic of the hybrid air-blast and 

electrostatic atomizer, designed for either a piloted or auto-

ignition spray burner. 

 

4. From Atomization to Spray Combustion 

Spray combustion, whether initiated through an auto-

ignition or forced ignition process will not generally 

interact with atomizing liquid. The processes of atomization 

and heat release are spatially separated and also occur over 

different time-scales. 

However, the quality of atomization will be a strong 

contributor towards identifying whether a flame can be 

stabilized, given that it will dictate at what location 

downstream, sufficient vapour and mixing will form for 

combustion to occur. The presence of a denser liquid core 

will also directly influence entrainment processes [12] and 

reaction zone structures [14]. In order for predictive models 

to be able to accurately reproduce the full cascade of 

processes that occur in a spray flame, it is necessary to 

focus experimental efforts on benchmark burners that can 

provide full measurements of liquid fraction at the exit 

plane, while also droplet dynamics measurements 

downstream, in conjunction with measurement of reactive 

species. Achievement of all of these measurements, remains 

a formidable challenge. In this brief section, two burners 

are presented which were designed for the specific purpose 

of analyzing the full range of processes from atomization to 

combustion, in a single geometry.  

 

Figure 10: Auto-Ignition Burner with Atomizing Spray at 

the Exit Plane. Figure reproduced from [14]. 

The first burner described is a hot co-flow (heat from 

products of premixed air/H2) auto-ignition burner shown in 

Figure 10, which was one of the first platforms which 

enabled full measurement of atomization processes at the 

exit plane, in addition to flame stabilization and heat 

release. A key finding from the study indicated that the 

change in the size of the most non-spherical fragments at 

the exit plane trended with the change in lift-off height of 

the flame [14]. A threshold in the lift-off height was 

identified where on the lean side it varied with the mass 

fuel to air ratio as per a dilute auto-igniting spray flame 

[33], and on the globally rich side, the opposite trend was 

observed where the lift-off height was now “atomization 

controlled”. This indicated a flame where downstream 

behaviour was altered through a change in the near-field 

spray structure, ultimately due to a control over the vapour 

mass fraction. This variation and impact of the near-field 

structure was also evident through broadband 

chemiluminescence measurements [14] indicating that the 

rate of intensity increase past the lift-off height was 

significantly diminished in the flame with the highest 

proportion of non-spherical non-atomized fragments.  

The burner above while insightful, did not offer an ability 

to control the degree of atomization at the exit plane 

without changing the global fuel/air ratio, which led to the 

development of the Sydney University Needle Burner 

(SYNSBURN
TM

) [34]. This piloted burner enables 

translation of a liquid injecting tube within a co-flowing air-

blast stream, enabling a certain degree of control over the 

degree of both atomization and vapour pre-mixing at the 

exit plane. Full recession of the needle brings the burner 
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towards a dilute spray configuration (albeit still without a 

fully developed flow). Stability limits of the flame 

highlighted substantial differences from a dilute spray 

burner [35] with only a moderate change in the slope of 

blow off velocity to mass loading (g/min) as a function of 

recession. This was an interesting finding which has yet to 

be fully explained. Temperature measurements were also 

recently conducted in this spray flame using femtosecond 

coherent-anti-Stokes-Raman-spectroscopy [12, 13]. 

Interference from droplets was not identified as a 

significant concern given both the short time duration of the 

pulse and small probe volume size. The recent 

measurement campaign highlighted that the presence of 

large non-atomized liquid fragments had a direct influence 

on the entrainment of hot gases from the pilot within the 

potential core of the jet and showed evidence of ligaments 

influencing the thermal structure of downstream reaction 

zones. 

5. Concluding Remarks 

This brief review has highlighted some recent work 

focusing on improvements made in the interpretation of 

near-field images collected in atomizing sprays, whether or 

not a control of any of the atomization processes is 

possible, and finally touched on two recent experiments 

which aim to provide platforms that enable us to study the 

full cascade of processes from atomization to combustion. 

Analysis of liquid fragments at the exit plane with analysis 

of near-field instabilities will provide further insights into 

the processes that drive atomization over a wide non-

dimensional space. Control of downstream spray and 

combustion behaviour is potentially possible through the 

provision of atomizer designs that can make use of different 

modes of atomization, however significant research is still 

required to understand how multi-modal atomization can 

control the formation of sprays in both canonical and 

practical flows. 
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ABSTRACT 

 

Supersonic combustion of hydrocarbon fuels in high Mach number scramjets remains an 

ongoing challenge, typically relying on archaic wall-recesses which have remained largely 

unchanged for decades. This work documents the process of designing for shock tunnel 

experimentation under semi-direct connect conditions, employing empirical methods, simple 

numerical tools and complex chemically reacting, computational fluid dynamics to examine 

varying cavity geometries. An array of axisymmetric diffuser geometries were examined, 

compressing the tunnel test flow to scramjet combustor entry conditions. Final 

recommendations for the chosen configurations to be tested within a shock tunnel are hence 

given. 
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Abstract 
Multiple Mapping Conditioning (MMC) uses a mathematical reference space to provide an alternative dimension for 

modelling the turbulent transport that mixes parcels of fluid. Conceptualising this process is challenging when relying on the 

mathematics of the governing equations. This article presents the physical bases underlying the mathematics. The geometric 

processes used to create maps of the Earth are used as analogies for how combustion systems are modelled. Direct Numerical 

Simulations (DNS) are used to visualise how the 3-D turbulent distortions of non-premixed scalar fields can be represented by 

the 1-D mixture fraction. How the mixture fraction can be mapped to a reference variable is described, concluding with the 

processes used to apply the different methods of MMC to the modelling of turbulent combustion systems. 

 

Keywords: Multiple Mapping Conditioning, MMC, map projections, Conditional Moment Closure, CMC, Mapping Closure 

 

1. Introduction 

Multiple Mapping Conditioning (MMC) [1] is a model for 

turbulent combustion that aims to address the challenges of 

accounting for all the effects of turbulence on the mixing of 

chemical species. These effects are extensive and, in 

particular, the interaction between chemistry and turbulence 

in modern combustion systems requires careful 

modelling [2]. A host of models have therefore been 

developed [3,4]. The most popular models are naturally 

those which provide quality results for a number of 

regimes. Although each proponent of their favourite model 

thinks highly of it, none has yet been proven to successfully 

model the full spectrum of regimes. It is expected that there 

are situations where one model ought to be preferred over 

the others because it either produces greater accuracy or 

produces a similar accuracy for lower computational effort. 

An effort to review all models is not within the scope of 

this article: the focus of this article is the MMC model. 

Recent reviews of MMC developments [5,6] describe the 

mathematics of the models developed from the original 

MMC framework [1], and how these models have been 

validated using various test cases. This article takes a 

different perspective, by seeking to describe how the MMC 

model simulates the physical processes of mixing; this is 

done by analogy with geographical mapping techniques. 

While this article focusses on the mixture fraction (for non-

premixed combustion), there is no mathematical or physical 

impediment to substituting references to “mixture fraction” 

with “reaction progress variable” (for premixed 

combustion) in this article. Naturally, care must be taken 

due to the source term for the reaction progress variable. 

The purpose of maps is to represent a large system in a 

useful layout. While the concept of mapping has been 

explicitly stated in the names of some models, mapping 

techniques are used in any model that uses as an 

independent variable a quantity that is not a physical 

coordinate. In this article, the tree of models that build 

towards MMC are discussed, with relevant common 

mapping practices providing an introduction to each model.   

2. Mixture Fraction as a Basis 

2.1 Scale maps 

Figure 1 shows, to scale, a representation of inner Adelaide, 

including the layout of streets, the Torrens River, rail lines, 

and parkland. Such a map is useful for navigating the inner 

parts of Adelaide city by showing the relative spacing 

between different parts precisely. This is because the area 

shown is relatively small and flat, enabling a fixed scale for 

both dimensions. 

This map is useful for planning journeys, with the chosen 

route taking into account such aspects as the distance 

travelled, the types of road along the route (e.g. freeway), 

and the number of traffic lights. A modern addition is to 

overlay real-time traffic information, with sections of road 

currently experiencing heavy traffic being coloured red, 

while sections which are free-flowing are coloured green. 

 

Figure 1: Map of City of Adelaide and North Adelaide [7]. 

   

Figure 2: Estimated journey time to a point 20 km north of 

Adelaide City using various routes. Left: standard bar-

chart representation; right: standard representation if 

route number represents values of a continuous variable. 
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In planning a journey, an assessment is made of the 

estimated total time required to reach the destination based 

on all these criteria. This total time is evaluated by 

integrating the speed at each point along the route, which is 

appropriately normalised to calculate the average speed for 

the journey. If all possible routes are designated unique 

scalar values, then it is possible to directly compare the 

average travel times (left image of Figure 2). If the route 

numbers represent a continuum, then the right image of 

Figure 2 would be used. 

2.2 Scale maps analogy for combustion 

This same process is undertaken in turbulent combustion 

when mixture fraction or reaction progress variable is used 

as a basis. Points in space that have a common feature—the 

same value of mixture fraction Z (by analogy, points along 

a route)—are collected. Then their properties—temperature 

T, species mass fraction Y (by analogy, the speed)—are 

integrated (averaged) to produce a single value of the 

conditional average Y|Z. This process is repeated for all 

values of mixture fraction (by analogy, all routes). 

 

Figure 3: The initial mixture fraction field from DNS [8]. 

The domain has length 2 in all directions. The blue lines 

represent Z = 0. 

 
Figure 4: The initial field of scalar Y corresponding to 

Figure 3 [8]. The blue lines represent Z = 0. 

As a demonstration of how the physical domain is mapped 

to the mixture-fraction domain, Figure 3 shows an initial 

mixture fraction field produced by homogeneous, decaying 

1283 Direct Numerical Simulations (DNS) with an initial 

Taylor Reynolds number of 57.0 [8]. Figure 4 shows the 

initial field of scalar Y = Z2, which represents one of the 

chemical species. When all points with the same mixture 

fraction are considered (e.g. all points along the blue lines 

for Z = 0), then the values of Y can be averaged, producing 

a single point in Figure 5 (the origin in the case of the blue 

lines in Figure 3). Once this has been repeated for the entire 

domain of mixture fraction, the familiar representation of 

the conditional average is obtained (Figure 5). The domain 

in Figure 4 is representative of a single cell in a simulation, 

and Figure 5 presents a model for the unresolved sub-grid 

fluctuations that are present. 

 
Figure 5: The initial distribution of scalar Y as a function 

of mixture fraction Z, corresponding to Figure 3 and 

Figure 4. 

2.3 Scale maps analogy for stochastic processes 

Some turbulent combustion models are solved by using a 

stochastic implementation, which means that they use 

stochastic particles that move through the system. Each 

particle is a statistical realisation whose motion on average 

represents the motion of an actual parcel of fluid. With 

sufficient particles, the statistics of the flow can be 

reproduced (the statistical error as a function of number of 

particles is governed by the central limit theorem). 

The stochastic particles can be likened to traffic flow 

through the city, with similar particles (i.e. those with the 

same starting point and initial conditions—by analogy, the 

destination) overall following the same route. However, 

each particle will follow a unique route to reach the final 

destination (by analogy, cars will divert into side-streets 

and rejoin the main route after following an appropriate 

network of streets). Each route has a likelihood of being 

followed by a particle; this is governed by the overall 

velocity and the gradients in the domain. Low turbulent 

intensities result in particles moving coherently (the road is 

clear); high turbulent intensities cause particles to disperse 

(delays cause some cars to divert into alternate routes in an 

effort to find a path with less resistance). 

For all such turbulent combustion models, the particles 

move through scalar space within the sub-grid cell (e.g. 

from Figure 5, they are transported in the Z-direction or 

within the Z-Y plane). This motion models how the particles 

move through physical space, crossing gradients of Z. An 

advantage of the stochastic method is that only those values 

that are possible are simulated, reducing the computational 

load (in Figure 5, stochastic particles are only found along 

the line, whereas the deterministic method would require 

calculation at every point within the Z-Y plane). By 

analogy, in the stochastic method only cars which head 

along a route that is close to the desired route are simulated; 

whereas in the deterministic method, routes that head in the 

wrong direction for most of the journey must be considered. 

If a statistically-significant number of particles are realised, 

then information about the system can be obtained by 

averaging the results from the particles. This can be from 

global averages (e.g. the mean temperature in the cell) or 
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conditional averages (e.g. the mean temperature in the cell, 

for a particular mixture fraction). This is mathematically the 

same as the integration process described in Sect. 2.2, 

except the calculation for each mixture fraction is made by 

identifying those particles which possess that mixture 

fraction, then averaging the specified variable for those 

particles only. 

2.4 Benefits of mixture fraction as a basis 

Using mixture fraction as a basis was pioneered by Bilger’s 

Fast Chemistry Limit (FCL) model [9]: in stable flames, the 

field of a conserved scalar was unaffected by the flame’s 

presence. Conserved scalars can only change their value by 

being transported to a region with a different value (there 

are no source or sink terms in their transport equation). The 

mixture fraction is conventionally defined to be the fraction 

of the mass of gas at any point which originated from the 

fuel stream (prior to mixing). (If there is liquid fuel, then 

the conventional definition of mixture fraction, just like the 

reaction progress variable, is not conservative.)  

The FCL model exploited this property of conserved scalars 

being independent of combustion by assuming that the 

turbulent mixing timescales were significantly larger than 

the chemical timescales, so that it could be assumed that 

each point in the domain is at chemical equilibrium. The 

computations can then be greatly simplified: the chemistry 

can be pre-calculated and stored in a look-up table, then the 

chemical and thermodynamic state of any location in the 

domain is known by referring to the entry in the look-up 

table for the mixture fraction at that location. 

The FCL model was a significant advance in computational 

speed with reasonable accuracy but is only accurate for 

large Damköhler numbers. Nonetheless, the use of mixture 

fraction as an independent variable in non-premixed 

combustion modelling was appealing, and was used in the 

Flamelet model by Peters [10,11], and later the Conditional 

Moment Closure (CMC) by Klimenko [12], then 

Bilger [13] (see [14]). 

Taking the value Z = 0 as an example (shown by the blue 

lines in Figure 4), the FCL model works by accessing the 

look-up table for Z = 0 and applying the value for Y in that 

look-up table to those locations in the domain with Z = 0. In 

other words, every location covered by a blue line in Figure 

4 would have the set value of Y = 0. 

The Flamelet model is more sophisticated than the FCL 

model because, at each location, it also accounts for the 

scalar dissipation rate 

 
ZN D Z Z   , (1) 

where D is the molecular diffusivity, while simultaneously 

considering the reaction rate. Since the gradients of mixture 

fraction at Z = 0 vary throughout space, the Flamelet model 

will produce different values of Y at each of the different 

points along the blue lines in Figure 4. 

The CMC model predicts the average value of the scalar Y 

dependent on what the value of Z is at that location; this is a 

conditional mean: Y|Z. Similar to the FCL model, CMC 

will produce the same value of Y at all points along the blue 

lines in Figure 4. However, CMC uses the conditional 

scalar dissipation NZ|Z to provide transport in mixture-

fraction space (Y|Z is changed by the values of Y|Z at 

neighbouring values of Z) while simultaneously evaluating 

the reaction rate. Since diffusion in mixture-fraction space 

occurs due to the spatial variation of mixture fraction, 

diffusion in mixture-fraction space models the turbulent 

diffusion in physical space. 

For homogeneous flow (because of the relatively-low 

Reynolds number in the DNS, the entire domain 

represented by Figure 3 can be considered to be a single 

cell for simulations), the CMC equation is: 
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where the last term is the change due to chemical reactions. 

The Flamelet and CMC models have spawned many 

variations, enabling them to accurately model more regimes 

by overcoming some of the model’s deficiencies. 

2.5 Challenges of mixture fraction as a basis 

2.5.1 Predicting the mixture fraction field 

The principal challenge of using mixture fraction as a basis 

for non-premixed combustion is accurately predicting the 

mixture fraction field. The purpose of Eq. (2) in a 

simulation is to provide the mean value of density so that 

velocity coupling is achieved. Means are calculated using 

the mixture fraction’s probability density function (pdf) 

PZ(Z) as part of a weighting factor in a weighted average: 
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The pdf combined with Eq. (2) models the spatial 

distribution of scalars shown in Figure 3 that exists within a 

simulated cell. The oft-neglected mixture fraction pdf and 

its oft-forgotten transport equation are crucial for accurate 

modelling using CMC, and for interpreting results 

presenting statistics conditioned on mixture fraction. The 

transport equation for the joint-pdf (jpdf) PY of any system 

of scalars  1 2, , , nY Y YY  is [15]: 
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If the flow is homogeneous, then the convection term (2nd 

on the lhs) can be neglected; if the scalars are conservative, 

then the source term (1st on the rhs) can also be neglected. 

If there is a single (conservative) scalar defined as  ZY  

then the pdf transport equation (for CMC) is obtained: 
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Equation (5) for the mixture fraction pdf must be solved in 

order to implement CMC. However, the conditional scalar 

dissipation NZ|Z is unknown and there is no transport 

equation for this quantity. The options are: to model the 

conditional scalar dissipation and use Eq. (5) to determine 

PZ, or model PZ and use Eq. (5) to determine the conditional 

scalar dissipation. The latter is normally preferred, using a 

presumed pdf (either a ß-function pdf or a clipped-Gaussian 

pdf). However, this does not necessarily reproduce the 

actual distribution of mixture fraction (Figure 6). 

 

Figure 6: Mixture fraction pdf for Figure 3. 

2.5.2 Low Damköhler-number flows 

The other challenge for using mixture fraction as a basis is 

when the Damköhler number is approximately of order one, 

i.e. when turbulent transport and chemical reactions change 

the composition at a similar rate. This is principally due to 

cold mixing of reactants, and is a major cause of extinction. 

In such flows, the values of Y vary for a fixed value of Z. 

 

Figure 7: The mixture fraction field from DNS after 2 eddy 

turnover times [8]. The blue lines represent Z = 0. 

 
Figure 8: The field of scalar Y corresponding to Figure 

7 [8]. The blue lines represent Z = 0. 

Consider the DNS results after 2 eddy turnover times have 

elapsed (Figure 7 and Figure 8). Because Y has evolved 

somewhat independently of Z, it is noticeable that the 

isolines of Z = 0 pass through a variety of values of Y. This 

is clearly apparent in Figure 9, where approximately half of 

the possible range of Y-values are encountered somewhere 

in the domain where Z = 0. At this stage of the decay, the 

mixture fraction distribution is approximately Gaussian 

(Figure 10), so there is significant scatter in Y for most of 

the domain. 

 
Figure 9: Scatter plot of 

10 000 randomly-sampled 

points from DNS after 2 

eddy turnover times [8]. 

 
Figure 10: Mixture fraction 

pdf for Figure 7 [8]. 

First-order CMC is incapable of accurately modelling this 

type of flow, so either 2nd-order CMC (where the 

magnitudes of the fluctuations from the conditional mean 

are modelled), or doubly-conditioned CMC (where another 

variable is added to the basis, typically sensible enthalpy or 

possibly scalar dissipation, so that there are no conditional 

fluctuations in the multi-dimensional basis space) are 

required [14]. Studying Figure 9, in 2nd-order CMC the 

conditional rms (the rms for each value of Z) models the 

scatter that is present; a challenge for 2nd-order CMC is that 

any conditional skewness is ignored. In doubly-conditioned 

CMC, the entire space shown in Figure 9 is the domain for 

the two basis scalars, with the only contribution to the 

solution coming from the part of the domain where the 

scatter is seen (i.e. where the jpdf is non-zero); a challenge 

for doubly-conditioned CMC is defining the jpdf. 

3. Mapping Closure Model 

3.1 Mercator projections 

In the cylindrical projection method of mapping, lines of 

latitude and longitude are forced to remain parallel to each 

other (Figure 11). The globe is contained within a cylinder 

and locations are projected from the sphere to a point on the 

curved wall of the cylinder with the same latitude; lines of 

longitude are parallel to the cylinder’s axis. The curved 

wall is unravelled to produce the map. This method was 

devised for ease of navigation with a compass: bearings in 

the (four) cardinal directions are represented truly. 

However, cylindrical projections stretch lines of latitude 

that are closer to the poles, so that a non-uniform scale is 

applied to the map. Although the distance between two 

lines of longitude is represented as constant, the actual 

distance increases with decreasing distance from the 

equator: the scale diminishes with decreasing distance from 

the equator. To compensate for this distortion and make the 

scale in both directions equal at each point, in the Mercator 

projection the distance between lines of latitude is inversely 

related to the distance from the nearer pole. (It is also 

therefore impossible to render the poles themselves.) This 

representation is commonly used when computers render 

the entire Earth, so that Antarctica appears to possess 

almost as much land mass as the rest of the world 
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combined, when it is 13 million km2, compared to Australia 

and Europe (7.7 and 10.5 million km2 respectively). 

 

Figure 11: Methodology of Mercator variant of cylindrical 

projection [16]. Left: the geometry of a cylindrical 

projection; right: the resultant map. 

3.2 Mercator projections analogy for combustion 

Cylindrical projections can be represented using a Cartesian 

coordinate system, with non-linear scales on both axes. For 

a turbulent combustion system which is doubly-conditioned 

(such as Figure 9), the cylindrical projection provides a 

method for rescaling the distribution of values to appear 

elliptical (which can be modelled by a jointnormal 

distribution): the non-linear rescaling increases distortion 

with increasing distance from the centre (mean). 

For a single scalar dimension, the rescaling follows the 

same general procedure of the latitude’s distortion in the 

Mercator projection. If there is significant probability at a 

bound of mixture fraction, the distortion in the mapping 

dimension is greatest at each of those bounds, and is least 

near the centre. This is used in the Mapping Closure model, 

and in all applications of MMC except generalised MMC. 

3.3 Mapping Closure model 

A solution to the challenge of modelling the mixture 

fraction pdf (Sect. 2.5.1) is to use some other quantity as a 

basis and allow the mixture fraction to change relative to 

that quantity. The Mapping Closure [17,18] achieves this 

by introducing a “reference variable”  that is associated 

with the mixture fraction. 

The stretching process of the pdf from the real mixture 

fraction to the mathematical reference variable is visualised 

in Figure 12. By analogy with the Mercator projection, 

mixture fraction (the blue line in Figure 12) is the true 

latitude (as seen from space), while  is the mapped result 

(the outcome of the cylindrical projection) with values 

stretched apart near the edges to produce the green line 

(stretching of latitude increases closer to the poles). 

  

Figure 12: Evolution of mixture fraction (blue line) as it is 

stretched to a conventional reference variable (green line). 

Left: pdf; right: mapping function. 

 
Figure 13: The initial reference variable field 

corresponding to Figure 3. The blue lines represent Z = 0. 

In this case, there is some compression of the pdf for  0. 

However, to convert from the bimodal mixture fraction pdf 

to the unimodal reference variable pdf, a significant amount 

of stretching is required at the tails. The effect of the 

stretching on the mapping function is shown in Figure 12, 

where the gradient slightly increases for  0, in line with 

the compression, while the many points at Z  ±1 are 

distributed to much larger magnitudes of . The resultant 

reference variable field (Figure 13) appears to show greater 

resolution in those regions where its magnitude is large 

(e.g. the horseshoe near the bottom), but this does not result 

in a large variation in the evolution of any scalar. 

The mathematical relationship between Z and its reference 

variable comes from how the probability is stretched: 
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i.e. the mixture fraction pdf can be determined using both 

the reference variable pdf, and the Jacobian between the 

mixture fraction and its reference variable. The Jacobian in 

Eq. (6) is only mathematically stable if it is determined 

using Z|; in homogeneous flows, it can be analytically 

determined. However, an analytical solution for 

inhomogeneous flows is not generally available; a 

numerical approach to solving the derivative was 

devised [8] and has been used in every MMC model since. 

The relationship between any scalar Y and  is solved using: 
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The similarity between Eqs. (7) and (2) provides an 

opportunity to model the conditional scalar dissipation, 

effectively closing the 1st-order CMC model: 
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The transport equation for the reference variable pdf can be 

obtained by simplifying Eq. (4) in the same manner as 

Eq. (5) because, in non-premixed combustion,  is 
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conventionally associated with Z, so has the same general 

properties: 
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If P is chosen to satisfy a Gaussian distribution, then one 

of the possible solutions (mathematically, there are multiple 

possible solutions) is: 

 B B  . (10) 

Equation (10) simplifies the solution of Eq. (7), while 

Eq. (8) [after multiplying through by the first Eq. (6) and 

integrating] provides a simple relationship to determine B: 
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The distribution of the scalar Y in reference space is shown 

in Figure 14, revealing that there are a significant number 

of points with Y = 1. These will retain their values initially 

because the diffusive length scale in reference variable 

space should never be large, modelling the behaviour that 

the volume of large regions of unmixed fluid decreases at a 

finite rate. Despite  0 being the most likely, the values of 

Y in that region should change reasonably rapidly because 

of the constant value of B. This models the sharp changes in 

the Y field (Figure 4), which is reflected in the large 

gradients in the  field (Figure 13). 

 

Figure 14: The initial distribution of scalar Y as a function 

of reference variable, corresponding to Figure 12. 

4. Multiple Mapping Conditioning 

4.1 Deterministic Multiple Mapping Conditioning 

The Mapping Closure was not devised to address the 

challenges of CMC in modelling the mixture fraction 

distribution, since the first publication of Mapping Closure 

predates the first publication of CMC. (Since the invention 

of CMC was the Ph.D. work of Klimenko, it is possible that 

the Mapping Closure and CMC are contemporaneous.) A 

limitation of the Mapping Closure is that it is only 

applicable to homogeneous flows; deriving MMC to enable 

the modelling of inhomogeneous flows ensued [1]. The 

mapping process for deterministic 1st-order MMC is 

identical to the Mapping Closure model (Sect. 3.3). 

Flows with low Damköhler numbers are problematic for 

deterministic 1st-order MMC, so the same principles used in 

CMC have been applied to MMC: either multiple 

referencing variables (akin to doubly-conditioned CMC), or 

modelling the fluctuations about the conditional mean 

(probabilistic MMC, akin to 2nd-order CMC). 

4.2 Multiply-conditioned MMC 

The approach for doubly-conditioned MMC is, in principle, 

identical to a full Mercator projection (Sect. 3.2), with 

mixture fraction equivalent to latitude and the other 

variable (sensible enthalpy or scalar dissipation) equivalent 

to longitude. However, the rescaling is somewhat more 

complex, since neither sensible enthalpy nor scalar 

dissipation is independent of mixture fraction (unlike 

latitude and longitude), e.g. Figure 5 or Figure 9. 

Figure 15 shows a scalar dissipation field, where it is 

apparent that there are tendrils of high dissipation, with 

each tendril tending to follow a line of constant mixture 

fraction (c.f. Figure 7). However, it is also apparent that the 

scalar dissipation can be very different for the same mixture 

fraction (Figure 16). 

Double-conditioning on mixture fraction and either sensible 

enthalpy or scalar dissipation means that interactions 

between points in the modelled space are restricted, so that 

a point on the blue lines with high dissipation can only 

interact with other points on the blue lines which also have 

high dissipation. Such points are physically close together 

and would naturally interact. 

This method has been implemented using mixture fraction 

with both scalar dissipation (with 1–3 dissipation time 

scales) [19] and sensible enthalpy [20]. The principal 

difficulty for the scalar dissipation method is that the scales 

of dissipation range over many decades, so many 

dissipation timescales need to be defined, which makes the 

system unwieldy. The principal challenge for the sensible 

enthalpy method is that when initial conditions are similar 

to Figure 5 (as done in standard flamelet initial conditions), 

there is no natural mechanism for the system to evolve from 

the initial manifold to produce something akin to Figure 9. 

 

Figure 15: Scalar dissipation rate NZ corresponding to 

Figure 7 [8]. The blue lines represent Z = 0. 

 
Figure 16: Scatter plot of 10 000 randomly-sampled values 

of scalar dissipation from DNS after 2 eddy turnover 

times [8]. 
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Partially-premixed combustion can be modelled by mixture 

fraction and reaction progress variable as the dimensions of 

the reference space. This should be more practicable than 

using sensible enthalpy since the chemical reaction rate can 

independently generate deviations from an initial field such 

as Figure 5. While probabilistic MMC has been successful 

in partial premixtures, any attempt to span the spectrum of 

mixtures in a single model requires double conditioning. 

A challenge for any application of double conditioning is 

maintaining an appropriate (physical) correlation between 

the reference variables because mathematically they are 

independent variables (like latitude and longitude). 

4.3 Probabilistic Multiple Mapping Conditioning 

Although doubly-conditioned CMC and second-order CMC 

have both been used widely, the more popular method in 

MMC is definitively second-order MMC because its unique 

modelling challenges can be solved more readily. Unlike 

second-order CMC, the most common method for solving 

probabilistic MMC is to use stochastic particles (Sect. 2.3). 

Moving in reference space instead of mixture fraction space 

does not affect the final outcome, since it is possible to 

create a field of each scalar in physical space (Figure 13). 

    

Figure 17: Possible mapping of scalars to reference 

variable, with the same samples as Figure 9. Left: mixture 

fraction; right, scalar Y. 

A potential mapping of mixture fraction to a reference 

variable is shown in Figure 17 (simulating the reference 

variable in DNS is not well-defined, so a representative 

amount of scatter has been artificially incorporated). This 

reflects the physical behaviour that two points with the 

same value of mixture fraction do not necessarily behave 

the same because of the different gradients of mixture 

fraction, so the two points probably have different values of 

reference variable. As a consequence, there appears to be 

more scatter in the mapping of Y to  (Figure 17) than Y to 

Z (Figure 9). However, because the interactions of Y are 

governed by the interactions of Z, this is not a challenge to 

accurate modelling. 

In common with pdf turbulent combustion models [15], 

probabilistic MMC requires a mixing model to close the 

term for diffusion in scalar space, which is the first term on 

the rhs in the deterministic formulation of Eq. (7). 

Invariably, the mixing model is chosen to be the modified 

Curl’s model [21,22] since this is the model that allows the 

most freedom in controlling the particle interactions. In 

particular, conditional fluctuations 

 Z Z Z     (12) 

are values to be controlled, in contrast with conditional 

MMC, where 0Z   . This is done in the process of mixing 

by ensuring that particles are unable to mix with sufficient 

intensity to (on average) reach Z|. This process of 

restricting the rate at which particles relax to Z| models 

the real process of turbulent transport whereby parcels of 

fluid can be carried across large gradients of scalar, but a 

finite period is required to break apart a parcel of fluid so 

that all the molecules within the parcel completely interact 

with the new surroundings. 

A key feature of MMC is that only particles with similar 

values of  are allowed to mix, duplicating the diffusion 

term in Eq. (7): any finite-difference formulation of such a 

term would only consider values of  that are close to the 

point of interest. This is a physical restriction: points with 

similar values of  are most likely close to each other in 

physical space, so only these particles are expected to 

interact. However, intermittency in the interactions is also 

important to model the physical behaviour of mid-sized 

eddies transporting pockets of fluid within a large parcel of 

fluid. Almost all implementations of probabilistic MMC 

mix particles that neighbour each other in reference space, 

which is similar to the methodology of EMST [23]. The key 

differences are: that EMST enables particles to mix with 

multiple other particles, while MMC conventionally only 

pairs particles; and intermittency is introduced in EMST by 

an age factor causing half of the particles (on average) to 

interact, while intermittency is introduced in those MMC 

implementations by the stochastic transport of  reordering 

the particles (all particles are always mixed). The author 

has always introduced intermittency differently, by only 

mixing some particles, and requiring them to be within a 

diffusion-length scale of each other in reference space [8]; 

this method is numerically feasible for smaller t [24]. 

4.4 Conic projections 

Conic projections are the standard for atlases, since they 

produce (with the smallest errors) uniform scaling in both 

directions for the entire map. To produce a conic projection 

(Figure 18), a point above the nearer pole is used as a 

vantage point, and a cone is cast over the sphere of the 

Earth. The points on the sphere are projected to points on 

the cone with the same latitude; lines of longitude intersect 

at the tip of the cone. Since the tip of the cone extends 

beyond the Earth, this is always removed before the cone is 

cut along a line of longitude and unravelled. Furthermore, 

the poles are removed from the 2-D representation owing to 

the infinite stretching required to render them. 

Wherever the cone touches the Earth’s surface is called a 

“standard parallel”. Since the projection on a standard 

parallel is identical to the Earth’s surface, there is zero 

distortion of scale along a standard parallel, and distortion 

generally increases with increasing latitude from the 

standard parallel. If the cone is defined so that the Earth is 

completely inside—but touching—the cone, a single 

standard parallel is defined, and this is referred to as a 

tangent conic projection. 

To reduce the overall distortion error, the specified cone 

cuts the surface of the Earth at two standard parallels 

(Figure 18): between the standard parallels, the Earth’s 

surface extends beyond the cone; outside the standard 
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parallels, the Earth’s surface is contained within the cone. 

This is referred to as a secant conic projection, and is the 

standard for atlases, since the largest distortion error is 

minimised. The errors are minimised by having two-thirds 

of the latitudes of interest shown between the standard 

parallels, since the curvature of the Earth’s surface causes 

greater rates of change in distortion at the edges of the map.  

 

Figure 18: Methodology of Lambert conformal (“simple”) 

conic projection [25]. Left: the geometry of a secant conic 

projection; right: the resultant map. 

4.5 Conic projections analogy for combustion 

Conic projections impose a small distortion by converting 

from a curved surface into a flat surface. This geometric 

procedure is similar to that used to reduce dimensionality in 

Principal Component Analysis (PCA) [26] (taking the 3-D 

globe and representing it in a 2-D plane), while it is explicit 

in manifold behaviour [2] (taking a hyper-plane that is 

curved in space and representing it as a flat plane). 

The two major applications of generalised MMC [27,28] 

use the same principles as conic projections because the 

reference variable  is defined to be a mixture fraction 

which is different to the mixture fraction Z that is linked to 

the reactive scalars. Because Z and  are both mixture 

fractions, there should be a strong correlation between the 

two, but the correlation is imperfect in the mapping process, 

analogous to the distortion error in the conic projection. 

4.6 Generalised Multiple Mapping Conditioning 

Generalised MMC allows any variable to be  instead of the 

conventional reference variable [29]. Instead of defining it 

to be a mathematical variable, in all applications it has been 

defined to be a variable available elsewhere in the system: 

the filtered LES mixture fraction [27]; or the velocity [30] 

or mixture fraction [28] from the binomial Langevin 

model [31]. (The two generalised MMC applications were 

developed independently and contemporaneously.) The 

mapping is similar to Figure 17, because the mixture 

fraction pdf and reference variable pdf are identical. 

The major advantage of the generalised MMC applications 

is that the transport of  is embedded in a standard, familiar 

model. As a consequence, the challenges of defining the 

coefficients for transport are completely removed. 

Generalised MMC is therefore also better positioned as a 

basis for multiple conditioning variables. 

While generalised MMC appears to be similar to CMC, it is 

different because MMC does not require the reference 

variable field to exactly satisfy the real mixture fraction 

distribution. Any errors in the reference variable transport 

do not affect the accuracy of the actual scalars’ fields. 

5. Conclusions 

MMC uses an abstract reference variable space to model 

turbulent combustion. Understanding how it achieves this 

based on the formulae is challenging. The author built his 

understanding during his Ph.D. [24], and has always taken a 

more visual approach to imagining how MMC works (e.g. 

Sect. 9.1 [24]). This work portrays this understanding to 

assist the community to better understand one of the options 

for modelling turbulent combustion processes.  
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ABSTRACT 

 

Modeling frameworks for Large-Eddy Simulations of soot evolution in turbulent flames 

include a number of submodels describing the chemistry of soot precursors, particle 

dynamics, heterogeneous soot chemistry, turbulent mixing, and combustion. To understand 

the reasons for model failure and to enhance the overall model performance, it is necessary to 

identify and subsequently improve model components with a leading order effect on the 

overall error. In this presentation, errors in soot predictions associated with gas-phase 

chemistry, statistical modeling of the number density function, and turbulence/chemistry/soot 

interaction models are isolated and quantified. Experiments in laminar flames are used to 

assess the chemical mechanisms, Monte Carlo simulations in laminar flames provide 

reference data for assessing and improving moment methods to describe the number density 

function, and DNS data of a sooting turbulent jet diffusion flames are used in a combined a-

priori and partial a-posteriori analysis to identify errors in flamelet-based combustion models. 
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Abstract 
This paper presents a technical review of our understanding of the mechanism of sound generation by premixed flames. Examples 
from direct numerical simulation (DNS) studies undertaken at the University of Melbourne are provided. Furthermore, the 
implications of the findings for developing accurate models that can predict combustion-generated sound are discussed. This 
paper demonstrates that flame-flame interactions referred to as ‘flame annihilation’ are significant sources of sound in premixed 
flames. These localised events feature several unique characteristics that cannot be explained with existing turbulent flame 
theories. It is shown that flame acceleration during annihilation has a significant contribution to the radiated sound. Therefore, 
in the context of modelling, it is essential to predict the flame displacement speed during annihilation as accurately as possible. 
Analysis of the DNS data shows promising avenues to meet this requirement.   
 
Keywords: combustion noise, premixed flames, flame annihilation 
 
1. Introduction 
One of the significant challenges we face in the 21st century 
is how to secure our demand for energy safely, efficiently 
and in an environmentally sustainable manner. This has 
driven a considerable effort to promote the widespread use 
of renewable energy and alternative fuels. Nevertheless, 
fossil fuels are still dominant in the energy market. The most 
optimistic scenario proposed by the International Energy 
Agency (IEA) predicts that we still rely on combustion of 
fossil fuels and biofuels for meeting 70% of our energy needs 
in 2040 [1]. This calls for further research to enhance our 
understanding of combustion process to advance energy-
producing technologies that are cleaner and highly efficient.    

Gas turbines are the prime movers in the aviation industry 
and account for about 20% of the installed capacity for 
electricity generation globally [2]. They have fast ramp up 
and down capabilities, which make them complementary to 
intermittent renewable generation. Furthermore, with the 
increasing interest in producing renewable hydrogen, gas 
turbines can play an important role in the implementation of 
a successful hydrogen economy.  

Lean premixed combustion is the desired combustion regime 
in industrial gas turbines. It results in a low level of NOX 
emissions due to operating at lower temperatures and 
facilitates better combustion efficiency. However, the 
primary issue with operating gas turbines in this regime is 
thermoacoustic instability, commonly initiated by 
combustion-generated sound. To avoid this type of 
instability, the mechanism of sound generation by premixed 
flames needs to be fully understood. Numerous theoretical, 
numerical, and experimental studies have explored this 
problem from various angles. An interested reader is referred 
to the review articles by Candel [3], Dowling and Mahmoudi 
[4] and Ihme [5].  

To characterise combustion noise, many past studies have 
considered unconfined flames. They generally conclude that 
combustion noise features a broadband spectrum and that the 
sound spectra show some degree of universality in terms of 
the frequency of peak emission and the slope of the spectrum 
in the low and high frequency ranges. The experimental 
study by Rajaram et al. [6] is an example of a comprehensive 

experimental dataset of sound generation by premixed 
flames for different fuels, equivalence ratios and flow 
parameters. They show that the frequency of peak emission 
can be estimated as a function of the average flame length 
and burner diameter.  

Another important observation in the literature is that the 
fluctuating heat release rate is an important source of noise 
[3]. Many past studies have demonstrated this and used a 
framework such as acoustic analogies to further analyse this 
problem. As demonstrated in the literature and discussed 
further in this paper, flame-flame interaction or flame 
annihilation is a significant source of heat release rate 
fluctuations.  

Numerical simulation is a tool that can provide a further 
understanding of this problem. Amongst different numerical 
approaches, direct numerical simulation (DNS) is a 
promising tool due to its ability to resolve all length and time 
scales in the problem.  This paper therefore aims to review 
the DNS studies in this regard, primarily undertaken at the 
University of Melbourne. It will be shown how DNS can 
provide unprecedented detail about the source of sound in 
premixed flames and how this information can be used for 
developing new models that can predict sound generation by 
premixed flames for practical problems.  

 

2. Acoustic Analogy  
Acoustic analogies have been extensively used to study the 
mechanism of sound generation by different types of flows. 
In general, they are a rearrangement of the Navier-Stokes 
equations into various forms of an inhomogeneous wave 
equation. The source terms on the right hand side of acoustic 
analogies can then be used to interpret the sound generation 
mechanism. Lighthill [7,8] proposed the first and best known 
acoustic analogy by rearranging the continuity and 
momentum conservation equations into a wave equation. 
This equation was reformulated by Dowling [9] to examine 
sound generation by combusting flows, 
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                                                                                           (1) 
where p is the pressure, 𝑇𝑇 is the temperature, c is the speed 
of sound, 𝑄𝑄 is the heat of combustion,  �̇�𝜔 is the reaction rate 
𝜌𝜌 is the density,  𝑐𝑐𝑝𝑝 is the specific heat capacity, 𝒒𝒒 is the heat 
flux,  𝜏𝜏𝑖𝑖𝑖𝑖 is the viscous stress tensor,  𝑢𝑢 is the velocity, x is 
the spatial coordinates and t is the time. The subscript ∞ 
refers to the flow field variables in the far field. Here 𝜌𝜌𝑒𝑒  is 
the excess density, defined as, 
 

𝜌𝜌𝑒𝑒 = 𝜌𝜌 − 𝜌𝜌∞ − (𝑝𝑝 − 𝑝𝑝∞)/𝑐𝑐∞2 .  (2)        
                                                                            

The first line on the right hand side of Equation 1 is a 
monopolar source term which is considered to be the main 
contributor to combustion noise. The second line is the so-
called Lighthill’s stress tensor which is a dominant source of 
sound in non-reacting jets. As discussed by Dowling [9], the  
source term in the third line is significant if there are regions 
of unsteady flow with different mean density and sound 
velocity from the ambient. The last term is a dipole source 
due to changes in the momentum of density inhomogeneities. 
Considering the first term on the right hand side of 
Dowling’s formulation as the only source term, leads to:  
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Equation 3 is used in several combustion noise studies to 
obtain the far-field sound using Green’s function solution 
and study the mechanism of sound generation. However, 
there is evidence in the literature that other source terms, 
such as the last source term in equation 1 can play an 
important role under some circumstances [10-11]. This 
review will demonstrate the range of validity of equation 3 
under some conditions.  
 
 
3. Numerical methods  
3.1 Numerical solvers  
Two DNS solvers were used to study sound generation by 
premixed flames. The first solver is NTMIX, developed at 
the European Center for Research and Advanced Training in 
Scientific Computing (CERFACS). NTMIX features a sixth-
order compact scheme for spatial derivatives, combined with 
a third-order Runge–Kutta time integrator [12]. This solver 
uses a simple chemistry model and has been used extensively 
to study laminar and turbulent flames. The second DNS 
solver is S3D_SC [13] which is a modified version of S3D 
[14], a solver originally developed at the Combustion 
Research Facility at Sandia National Laboratories. This 

solver features an eighth-order central differencing scheme 
for spatial derivatives, combined with a six-stage, fourth-
order explicit Runge–Kutta time integrator.  

 

3.2 Computational domains and numerical 
parameters 

3.2.1 Laminar flames  
Two groups of configurations are considered here. The first 
group includes one-dimensional (1D) domains for 
simulating planar, axisymmetric and spherically symmetric 
annihilation events. Figure 1 shows a schematic of these 
configurations. Figure 1a shows the configuration for a 
planar flame annihilation and half of the domain is 
considered by using a symmetry line on the left hand side. 
The outflow boundary is located on the right hand side. The 
flame is initialised in the middle of the domain with the 
unburnt gas trapped between the flame and the symmetry 
line. As a result of this initialisation, the flame propagates 
towards the symmetry line until it annihilates. Figure 1b 
shows the configuration for axisymmetric and spherically 
symmetric annihilation events. For these cases, spherical and 
cylindrical flames are initialised at a given radius with the 
unburnt gas trapped inside them. The flame therefore 
propagates toward the origin until it completely collapses.   

The second group consists of a two-dimensional (2D) 
laminar flame, forced at the inlet for a range of frequencies 
(see Figure 1c). The boundary conditions are imposed at the 
inflow, while non-reflecting boundary conditions are used at 
the outflow boundaries. For the baseline case (i.e. 1D 
planar), the temperature ratio 𝑇𝑇𝑏𝑏/𝑇𝑇𝑢𝑢 is considered to be 4, the 
Zel’dovich number β is 8, the non-dimensional laminar 
flame speed 𝑆𝑆𝐿𝐿/𝑐𝑐∞ is 0.01, the Lewis number is unity and the 
Prandtl number is 0.75.  More details of the simulation and 
computational domain parameters can be found in [15,16].  

 

3.2.2 Turbulent flames 
Figure 3 shows a schematic of the computational domain for 
the turbulent flames considered. In these cases, turbulent 
premixed flames at two equivalence ratios of 0.7 and 1 were 
considered. A careful treatment of boundary conditions was 
undertaken to avoid spurious noise at the boundaries. For 
instance, a sponge layer at the outflow was considered to 
avoid reflection from the outflow boundary. The jet 
Reynolds number was 5300 and the inlet Mach number was 
0.35. More details of the simulation and computational 
domain parameters can be found in [18].  
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4. Results  
Annihilation events are a significant source of heat release 
rate fluctuations. To understand the mechanism of sound 
generation by these events, simple geometries including 
planar, axisymmetric and spherically symmetric cases will 
be first examined in this section [15,16]. Using the 
theoretical framework discussed in section 3, the proposed 
scaling laws to estimate sound generation by these events 
will be reviewed [15]. Using these scaling laws and DNS 
results, the impact of the key flame parameters such as flame 
thickness, laminar flame speed, temperature ratio, 
Zel’dovich number and Lewis number on the produced 
sound will be discussed [16]. Next, the significance of these 
events in 2D forced laminar flames will be investigated [17]. 
This follows by reporting a 3D DNS of sound generation by 
turbulent premixed flames [18]. An algorithm for identifying 
annihilation events will be presented and the contribution of 
these events to the overall produced sound will be quantified 
[19]. Finally, the implications of these results for modelling 
will be discussed [20].   
 

4.1 Sound generation by 1D flame annihilation 
4.1.1. Planar flame annihilation 

Figure 2 shows pressure and heat release rate profiles for 
several instants before, during and after flame annihilation in 
the planar configuration discussed in section 3 (see Figure  
1a). The top row shows the reaction rate as a function of 
distance, featuring a flame propagating towards the unburnt 
mixture. As can be seen, when the flame is approaching the 
symmetry line, the peak reaction rate slightly increases. This 
increase correlates with a pressure rise at the symmetry line 
shown in the bottom row of Figure 2. After annihilation, a 
pressure wave with a large negative amplitude propagates 
towards the outflow. As the wave propagates at the speed of 
sound in the burnt region, this negative amplitude remains 
constant (not shown here for brevity).  

 

Figure 1: Computational domains for a) planar, b) 
axisymmetric and spherically symmetric annihilation, c) 
acoustically forced premixed flame and d) turbulent 
premixed flame.   

Figure 2: (i) Normalised reaction rate and ii) pressure 
fluctuations before (solid, dashed), during (dash-dotted) 
and after flame annihilation (dash dot-dot).    
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4.1.2. Axisymmetric and spherically symmetric 
flame annihilation 

For the axisymmetric and spherically symmetric annihilation 
events, the pressure wave produced by these events are 
shown in Figure 3. These pressure waves only feature 
negative values. In order to understand the source of these 
pressure waves, equation 3 is solved for these simple 
configurations using free-space Green’s functions. There is 
a good agreement between this solution and the DNS results, 
confirming the dominance of the heat release rate 
fluctuations as a source of sound. Since annihilation events 
are responsible for destruction of the flame surface area, i.e. 
negative fluctuations of the heat release rate, it is expected to 
observe negative pressure fluctuations as a result. 
 

4.1.3. Scaling laws  
In this section, a scaling law will be presented to investigate 
the mechanism of sound generation by annihilation events. 
Using the analytical solution of equation 3 for all types of 
annihilation events with their corresponding Green’s 
functions, a scaling law can be obtained to relate the 
generated sound 𝑝𝑝′ to key flame parameters [15,16]: 
  
𝑝𝑝′

𝜌𝜌𝑢𝑢𝑐𝑐𝑢𝑢2
= �𝑆𝑆𝐿𝐿

𝑐𝑐𝑢𝑢
�
1+𝑛𝑛2 �δ

ζ
�
𝑛𝑛
2 �1 − 𝑇𝑇𝑢𝑢

𝑇𝑇𝑏𝑏
� �𝑇𝑇𝑏𝑏
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�
2−𝑛𝑛
4 𝑔𝑔 �𝑇𝑇𝑏𝑏

𝑇𝑇𝑢𝑢
, β, 𝐿𝐿𝐿𝐿, ζ, 𝑡𝑡� (4) 

 
where n = 0 for planar, 1 for axisymmetric and 2 for 
spherically symmetric annihilation events. The variable δ is 
the flame thickness, ζ is the distance between the observer 
and the origin, 𝑇𝑇𝑏𝑏

𝑇𝑇𝑢𝑢
 is the temperature ratio, β is the Zel’dovich 

number and 𝐿𝐿𝐿𝐿 is the Lewis number.  
 
Equation 4 explains how different configurations affect the 
radiated sound. While the flame thickness does not play a 
role for planar annihilation, it becomes an increasingly 
important parameter when the configuration changes from 
axisymmetric to spherically symmetric. This scaling shows 
that thicker flames will produce more sound when n=1 and 
2. The dependency on 𝑆𝑆𝐿𝐿 also becomes stronger as we move 
from planar to spherically symmetric annihilation.  One 
should also note that the proposed scaling cannot fully 
explain the importance of parameters such as temperature 

ratio, Zel’dovich number and Lewis number as all shown as 
parameters in the unknown function g. This motivated a 
separate DNS study, discussed in section 4.1.4.  
 

4.1.4. Effects of key flame parameters on sound 
generation 

In a series of DNS studies, the effects of parameters such as 
flame thickness, laminar flame speed, Zel’dovich number, 
temperature ratio and Lewis number on the generated sound 
by annihilation events were investigated [16]. Consistent 
results with the proposed scaling was generally observed. 
Amongst different parameters, the impact of Lewis number 
was particularly of interest. Three cases with the  Lewis 
numbers of 0.5, 1 and 2 were considered. For the Le=2 case, 
a similar behaviour to the Le=1 case was observed except for 
a higher peak amplitude of the heat release rate during 
annihilation for the Le=2 case. This led to generation of a 
pressure wave featuring a large positive peak as well as the 
same negative pressure amplitude as the Le=1 case. This is 
linked to the fact that the preheat layer is thicker than the 
mass diffusion layer for Le=2, leading to the merging of the 
preheat layers at the initial stage of annihilation and 
therefore, providing additional heat. This then causes a 
higher peak amplitude for the heat release right before 
annihilation. For the Le= 0.5 case, the mass diffusion layer 
is thicker. As a result, during annihilation, the unburnt gases 
are depleted and the flame is extinguished before it reaches 
the symmetry line. This process is relatively slow and 
therefore leads to generation of a pressure wave that has a 
large wavelength but the same negative pressure amplitude 
as the Le = 1 and 2 cases.   
 
 

 

Figure 3: Comparison of the far-field pressure fluctuationsfrom the DNS (solid line) and the solution of equation 3(dashed 
line)  for a) planar, b) axisymmetric and c) spherically symmetric annihilation. 
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4.1.5. The importance of displacement speed  
In a series of DNS and theoretical studies, the flame 
displacement speed was identified as a key parameter 
contributing to the radiated sound [15,16]. An example of a 
theoretical study is provided here. Considering the reaction 
rate as a delta-function with a constant consumption speed, 
i.e., 
 

�̇�𝜔 = 𝜌𝜌𝑢𝑢𝑆𝑆𝐿𝐿𝛿𝛿�𝜁𝜁𝑓𝑓(𝜏𝜏) − 𝜁𝜁�, (5) 
 
where ζ𝑓𝑓  is the instantaneous flame location and ζ  is the 
spatial coordinates, the pressure fluctuations in the far field 
can be described using the Green’s function solution of 
equation 3. The solution for a spherically symmetric 
annihilation event is only expressed for brevity: 
 

𝑝𝑝′(𝑅𝑅, 𝑡𝑡) = −2ρ𝑢𝑢𝑆𝑆𝐿𝐿 �1 −
𝑇𝑇𝑢𝑢
𝑇𝑇𝑏𝑏
� × 

ζ𝑓𝑓(𝑡𝑡 − 𝑅𝑅/𝑐𝑐𝑏𝑏)𝑉𝑉𝑓𝑓(𝑡𝑡 − 𝑅𝑅/𝑐𝑐𝑏𝑏)𝐻𝐻(𝑡𝑡 − 𝑅𝑅/𝑐𝑐𝑏𝑏),     (6) 
 
where 𝑉𝑉𝑓𝑓 is the flame propagation velocity, R is the flame 
radius and H is a Heaviside step function. The flame 
propagation speed 𝑉𝑉𝑓𝑓 can be described as a function of the 
gas velocity and the flame displacement speed: 
 

𝑉𝑉𝑓𝑓 = 𝑢𝑢 + 𝑆𝑆𝑑𝑑.     (7) 
 
During annihilation, the flame experiences a large variation 
of 𝑆𝑆𝑑𝑑 , therefore contributing to sound generation. The 
displacement speed can also be used as a marker to identify 
annihilation events as will be discussed in section 4.3.  

 
4.2 Sound generation by 2D laminar flames  

To further investigate the mechanism of sound generation in 
premixed flames, acoustically forced 2D flames are now 
considered. These flames are perturbed by imposing velocity 
fluctuations at the inflow. Figure 4 shows the instantaneous 
temperature fields for three forcing frequencies. The flame 
does not respond at the highest forcing frequency, 
corresponding to short acoustic wavelengths. As the forcing 
frequency decreases, increased flame wrinkling is observed, 
and a disturbance propagates along the flame surface at the 
convective wavelength Uin/f where Uin is the mean flow 
velocity. For the lowest forcing frequency, a high degree of 
wrinkling is observed. At some stage during the forcing 
period, this forms an elongated flame leading to a ‘flame 
pinch-off’ event, as a result of which a pocket of unburnt 
reactants is detached from the flame. This pocket is gradually 
consumed as it convects further downstream. The 
consumption of this pocket is referred to as an ‘island burn-
out’ event.   
 
Figure 5 shows the dilatation (𝛁𝛁.𝒖𝒖) field at instants during 
one period of excitation for the St = 0.025 case. The 
dilatation is commonly used in aero-acoustic studies to 
identify sound, as pressure and dilatation are related for small 
Mach number flows. In the present study, the dilatation has 
the added property that it simultaneously shows the flame as 
well as the generated sound. It can be observed that the flame 
pinch-off and island burn-out events are strong sources of 
sound. The flame pinch-off event can be considered as a 
planar like annihilation event whereas the island burn out is 
analogous to an axisymmetric annihilation  

 
Figure 4 :  Non-dimensional temperature fields  at St = 1 (left column), St = 0.1 (middle column) and St = 0.025 (right 
column) of the perturbed flame at several instants during a forcing cycle. The Strouhal number is defined here as 𝑆𝑆𝑡𝑡 =

𝑓𝑓𝐿𝐿𝑟𝑟𝑒𝑒𝑓𝑓/𝑐𝑐𝑟𝑟𝑒𝑒𝑓𝑓  where Lref is half of the inlet width and cref is the speed of sound at the inlet. 

 
Figure 5:  Dimensionless dilatation (𝛁𝛁.𝒖𝒖)  field for the St=0.025 case for several instants during a forcing cycle.  
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event both of which studied earlier in detail [15,16].  The 
next question is whether annihilation events are significant 
noise sources in turbulent premixed flames. This motived the 
DNS study discussed in section 4.3.  
 

4.3 Sound generation by turbulent flames 
Sound generation by 3D turbulent flames described in 
section 3.2.2. is now examined.  An instantaneous snapshot 
of the dimensionless dilatation field on the central x–y plane 
through the jet is shown for the φ=1 case in Figure 6a.  The 
presence of numerous spherical acoustic waves suggest that 
the acoustic field is dominated by monopolar noise sources. 
To further examine these sources, three events resulting in 
pressure waves shown with A1, A2 and A3 in the dilatation 
field are selected.  
 
Figure 6b shows a flame iso-surface of progress variable for 
events A1, A2 and A3 in figure 3 superimposed on the 
dilatation field. The selected iso-surface corresponds to the 
point of the peak heat release in a one-dimensional premixed 

flame with the same chemistry. The event A1 involves the 
consumption of a pocket of unburned gases in the 
downstream region near the flame tip. Consistent with our 
earlier studies [17], this phenomenon is referred to as ‘flame 
island burn out’. Event A2 is referred to as a ‘flame pinch-
off’, with a pocket of unburned gases detaching from the 
flame surface. Finally, the event A3 takes place when flame-
to-flame interaction first results in the formation of a tunnel 
of burned gas, and then the local flame area is lost due to 
cusp retraction associated with another pinch-off event. This 
first event is called ‘tunnel formation’. Figures 6b together 
with the results shown in figure 6a suggest that these frequent 
flame annihilation events play an important role in the 
generation of sound. 
 
To accurately quantify the contribution of these events to the 
overall radiated sound by the flame, annihilation events were 
identified in a separate work by finding the critical points in 
the progress variable field [19]. An algorithm was developed 
to find these events in an automated process and track their 
position such that their individual contribution can be 

  
Figure 6: a)  Dimensionless dilatation field for the φ=1 case and b) iso-surface of progress variable superimposed on the 
dilatation field for the selected events A1-A3.   
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determined. The technique also allowed the categorisation of 
these events based on their topologies. In addition to the 
previously found topologies, i.e. tunnel formation, pinch-off 
and island burn out events, a new type referred to as multi-
feature event was identified. In this type, a combination of 2 
or 3 events from the first group occurs in the vicinity of each 
other such that they cannot be categorised as an individual 
event (see  Figure 7).  
 
Two important observations were made in this study. First, 
different topologies are very similar in terms of the 
magnitude of the pressure fluctuations as well as the duration 
of the pressure wave. The second observation was related to 
the contribution of these events to the far-field sound. It was 
shown that the high frequency side of the sound spectrum 
(St > 1 , where 𝑆𝑆𝑡𝑡 = 𝑓𝑓𝐷𝐷/𝑈𝑈𝑖𝑖𝑖𝑖 ) can be fully explained by 
these events while they are not the main sound source but 
still important on the low frequency side.  This suggests 
appropriate models for these short time scale events need to 
be developed such that the overall sound generated by 
premixed flames can be predicted accurately.  
 

4.4 Implications for modelling  
Markstein theory has been extensively used to study the 
variation of displacement speed as a function of curvature or 
Karlovitz number 𝐾𝐾𝐾𝐾 for unsteady flames:  

 
𝑆𝑆𝑑𝑑
𝑆𝑆𝐿𝐿

= 1 −  𝑀𝑀𝐾𝐾 𝐾𝐾𝐾𝐾, (8) 
 
 
where 𝑀𝑀𝐾𝐾 is the Markstein number and, 
 

𝐾𝐾𝐾𝐾 = 𝛿𝛿
𝑆𝑆𝐿𝐿
�𝐾𝐾𝑇𝑇 + 𝑆𝑆𝑆𝑆(𝜵𝜵.𝒏𝒏)�. (9) 

 
The variable 𝐾𝐾𝑇𝑇 is the tangential strain rate and 𝒏𝒏 = 𝛁𝛁𝒀𝒀

|𝛁𝛁𝒀𝒀|
 

where Y is the progress variable.  
 
This theory is particularly relevant for a level-set type 
combustion model where the evolution of the flame surface 
is the phenomenon of interest:  
 

𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝑡𝑡

+ 𝜌𝜌𝑢𝑢𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

= 𝜌𝜌0𝑆𝑆𝑑𝑑|∇𝐺𝐺| (10) 
 
where 𝐺𝐺  represents the flame front and 𝜌𝜌0  is the fresh gas 
density. As can be seen, a correct estimation of 𝑆𝑆𝑑𝑑  as a 
function of the local properties such as curvature and strain 
rate is an important part of this model.  
 
As discussed in section 4.1.5., the displacement speed plays 
an important role in the generation of sound by annihilation 
events. To investigate whether Markstein  theory is 
applicable for estimation of 𝑆𝑆𝑑𝑑, a joint PDF of 𝑆𝑆𝑑𝑑∗/𝑆𝑆𝐿𝐿 and Ka 
is shown in Figure 8. Note that 𝑆𝑆𝑑𝑑∗ = ρ𝑆𝑆𝑑𝑑/ρ𝑢𝑢 . The iso-
surface of the progress variable corresponding to the 
maximum reaction rate is chosen to collect the data. First, the 
entire flame surface is considered. As can be seen, there is a 
strong correlation between the displacement speed and 
Karlovtiz number.  The joint PDF for annihilation events 
identified by the points on the surface featuring 𝑆𝑆𝑑𝑑∗/𝑆𝑆𝐿𝐿 > 5  
is shown in Figure 8b. A stronger correlation between the 
displacement speed and Karlovitz number is observed for 
these events.  Least-squares fitting over the DNS data 
showed that a modified Markstein number referred to as 
annihilation Markstein number can reasonably describe the 
dynamics of annihilation events. This number was in 
agreement with that calculated by averaging the Markstein 
numbers of axisymmetric and spherically symmetric 
annihilation events under the same conditions as the 
turbulent flames.  
 
5. Future work  
The analyses presented for annihilation events showed that 
these events need special attention in terms of modelling. 
This is particularly important for large-eddy simulation 
(LES) of sound generation by premixed flames. The future 
work will therefore focus on developing combustion models 
for annihilation events using a priori and a posteriori 
analyses of the DNS data. This will provide grounds for 
testing these models under more realistic conditions (e.g. 
more relevant Reynolds numbers) obtained in experimental 
setups. As discussed in section 1, sound generation plays a 
key role in initiating thermoacoustic instability and therefore 
the ultimate goal is developing more accurate models that  

 
Figure 7: A snapshot of the flame with the identified 
annihilation events using the critical points in the 
progress variable field. The two iso-surfaces represent the 
progress variable range used in the searching algorithm. 
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can be used to predict thermoacoustic instability in gas 
turbines. 

 
 
6.  Conclusions 
This paper presented a technical review of  our 
understanding of the mechanism of sound generation by 
premixed flames. Examples from the work undertaken at the 
University of Melbourne, mainly focused on direct 
numerical simulation (DNS) were provided. First, 
annihilation events as a significant source of heat release rate 
fluctuations and therefore sound generation were considered. 
To understand the mechanism of sound generation by these 
events, simple geometries including planar, axisymmetric 
and spherically symmetric annihilation events were 
examined. Scaling laws were proposed to estimate sound 
generation by these events . Then, the effect of key flame  
parameters such as flame thickness, laminar flame speed, 
temperature ratio, Zel’dovich number and Lewis number on 
the generated sound were investigated. Next, the significance 
of these events in 2D forced laminar flames and 3D turbulent 

premixed flames was examined. An algorithm for 
identifying annihilation events was presented and the 
contribution of these events to the overall produced sound 
was shown to be significant, particularly on the high 
frequency side of the far-field pressure spectrum.  
 
Furthermore, the implications of our findings for developing 
accurate models that can predict combustion-generated 
sound were discussed. It was shown that acceleration of the 
flame surface during annihilation has a significant 
contribution to the sound radiated by these events. Therefore, 
in the context of modelling, it is essential to model the 
annihilation process carefully. Analysis of the DNS data 
showed promising avenues to meet this requirement. 
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Figure 8: Correlation of the normalised  stretch (Ka) with 
𝑆𝑆𝑑𝑑∗/𝑆𝑆𝐿𝐿  for φ=1.0 for a) the entire flame surface and b) 
considering only the annihilation events. 
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Abstract 
Optimising combustion strategy in relation to variation in fuel types is crucial in achieving high efficiency and low air 

pollution emissions in compression ignition (CI) engines. This study conducts optical/laser-based imaging diagnostics in a CI 

engine fuelled with a conventional diesel fuel and a gasoline-like low ignition quality fuel to explore the potential of multi-fuel 

capable CI engines. In the optically accessible engine, planar laser-induced fluorescence imaging of formaldehyde (HCHO-

PLIF), hydroxyl (OH-PLIF), and fuel (fuel-PLIF) has been performed. For gasoline CI (GCI) combustion, not only single 

injection but also double injection strategies were investigated, which was to increase the mixture homogeneity and thereby 

reducing soot and NO formation. The results showed that, for single-injection GCI combustion, the OH radicals first develop 

from the HCHO distributed along the piston-bowl wall, displaying multiple ignition kernels that progressively merge to form 

larger high-temperature reaction zones. This ignition process was very different to diesel combustion in which HCHO and OH 

first appear on the jet axis and co-exist near the bowl wall during the transition from low- to high-temperature reactions. The 

double-injection GCI combustion had higher charge premixing than the other cases and, due to very early first injection, the 

mixture homogeneity was also much higher. This was evidenced by a higher consumption rate of HCHO and faster 

development of OH across the entire reaction zones, indicating faster low- to high-temperature reaction transition. The engine 

efficiency and emissions of this double-injection GCI combustion was further exploited in a single-cylinder non-optical 

version of the same engine. From the tests performed for various engine speeds, it was demonstrated that the double-injection 

GCI could achieve higher efficiency and simultaneous reduction of smoke and NOx emissions compared to diesel combustion. 

 

Keywords: CI engine, Gasoline compression ignition, Diesel combustion, Optical engine, Engine efficiency 

 

1. Introduction 

Reduced engine-out emissions of nitrogen oxides (NOx) 

and particulate matter (PM) without compromising thermal 

efficiency and fuel economy is a critical concern for the 

future survival of automotive diesel engines. On the in-

cylinder control side, much effort is made to extend the 

ignition delay for higher charge premixing and mixture 

homogeneity, which is limited due to high ignition quality 

of diesel fuels [1]. Therefore, gasoline-burning compression 

ignition (GCI) combustion has been extensively 

investigated [2,3] in which gasoline as a low ignition 

quality fuel is delivered into the combustion chamber 

directly to realise partially premixed charge combustion [4–

8]. Compared to conventional diesel combustion, it has 

been shown that the increase in charge premixing and 

enhanced mixture homogeneity results in much lower 

particulates and NOx emissions [9,10]. In addition to this 

emissions benefit, GCI combustion has a great potential to 

achieve multi-fuel capable engines in which both gasoline 

and diesel could be used in a single platform. 

The partial premixing differentiates GCI combustion from 

homogeneous charge compression ignition (HCCI) 

combustion [11–16] or its variants such as stratified charge 

compression ignition (SCCI) [17,18] and premixed charge 

compression ignition (PCCI) [19]. In the GCI engine, the 

fuel injection event is closely coupled with the combustion 

phasing and thereby extending the operation range 

compared to HCCI [9,20]. This is achieved by forming 

“partially” premixed charge – i.e. higher premixing and 

mixture homogeneity than conventional diesel but lower 

charge premixing/homogeneity than HCCI [21–25]. 

The fuel injection strategy in GCI engines make a 

substantial impact on both efficiency and emissions [3,26]. 

For instance, a double-injection strategy has shown the 

independent control of mixture homogeneity of the early 

first injection and charge premixing of the late second 

injection, which cause a lower rate of pressure rise, 

extended high-load limit and better combustion stability 

[6,10,27,28]. Due to a stretched heat release rate profile 

over wider crank angles and direct combustion phasing 

control [3], double-injection strategy also results in lower 

fuel consumption compared to single-injection GCI 

combustion [27]. Moreover, enhanced mixture 

homogeneity, i.e. lean mixtures uniformly distributed inside 

the cylinder, contributes to suppressed thermal NO and soot 

formation simultaneously, similar to HCCI combustion 

[29–31], while the uHC and CO emissions are lower by 

maintaining adequate high combustion temperature in the 

partially premixed charge. 

Previous studies evaluated the engine performance and 

emissions of GCI combustion  [2,3,9,21,24,32] from which  

a good understanding of engine efficiency and engine-out 

emission trends has been developed. Recent studies also 

showed the development of low- and high-temperature 

reactions during the ignition process in GCI engines [33–

36]. This is because the low temperature reaction and high 

temperature reaction during the ignition process of GCI 

combustion could play a crucial role in controlling the 

combustion phasing. It was shown that, during the low-

temperature reaction, formaldehyde (HCHO) formation 

occurs [37–40], which is followed by hydroxyl (OH) 

radical formation [41–44]. Recent GCI engine studies 

reported that HCHO initially fills the entire combustion 

chamber due to extended ignition delay and increased 
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charge premixing, which is consumed to generate OH 

radicals in the ignition kernels from which the flame front 

develops [33,34]. Similarly, an innovative research 

implementing 36-kHz high-speed planar imaging of fuel 

and HCHO showed that the ignition develops from fuel-

rich mixtures formed in the jet-jet interaction region, which 

is followed by subsequent ignition at the mixture periphery 

[36]. 

This paper provides a summary of the major findings made 

from various experimental studies conducted at the UNSW 

Engine Research Laboratory with an aim to advance our 

understanding of GCI combustion [6,8,10,27,35,45,46]. For 

the past four years, both engine efficiency and emissions 

testing [6,8,10,27,46] and optical combustion diagnostics 

[35,45] were conducted in a metal and optical version of the 

same single-cylinder automotive CI engine. The results 

provide a unique opportunity to directly compare diesel and 

GCI combustion in the same engine while also offering a 

comparative analysis of engine performance and emissions 

with a help of fundamental knowledge gained from the 

optical combustion diagnostics. 

 

2. Experiments 

2.1 Optical compression ignition engine 

The schematic diagram of the single-cylinder diesel engine 

and optical/laser-based diagnostics setup used in the present 

study is illustrated in Fig. 1. The specifications of this 0.5-

litre engine are listed in Table 1. The laser sheet represented 

by a green dashed line was inserted into the combustion 

chamber through a 45-mm-wide liner quartz window and 

35-mm-wide bowl-rim quartz window. To understand the 

flame development in vertical direction, two laser planes 

were selected at 8 and 10 mm below the cylinder head, as 

shown in Fig. 1(top-left). The images were captured 

through the quartz piston top and a 45° mirror placed within 

the hollow space of the extended piston. This resulted in 43 

mm circular field of view for the bottom-view image. 

Out of various optical/laser-based imaging diagnostics 

performed in the engine, four images of cool-flame 

chemiluminescence, OH* chemiluminescence, planar laser-

induced fluorescence of formaldehyde (HCHO-PLIF) and 

PLIF of hydroxyl (OH) are to be discussed in this paper 

with an emphasis on ignition process. The images were 

capture using an ICCD camera (LaVision NanoStar) and a 

105-mm lens at f/4.5 with UV-enhanced optics for 85% 

transmission. For cool-flame imaging, the camera gain was 

set at 90% of the maximum value while the exposure time 

was set at 100 μs. For OH* chemiluminescence imaging, 

additional filters were used to block the interference 

signals, which included two WG-295 and two WG-305 

filters as well as a 300-nm band pass filter (40-nm FWHM). 

The selected camera gain was 80% of its peak value and the 

exposure time was set at 70 μs. For OH-PLIF imaging, an 

Nd:YAG laser (SpectraPhysics Quanta-Ray Pro-230) was 

used to pump a dye laser (Sirah CobraStretch) filled with 

Rhodamine-6G. This set of lasers was used to generate 10-

Hz laser pulses at desired wavelength. Through dichroic 

mirrors and sheet-making optics constituting a combination 

of plano-concave and plano-convex lenses, a 35 mm wide 

and 0.3 mm thick laser sheet was generated, which was 

then directed towards the cylinder liner and piston bowl-rim 

windows as mentioned previously. For OH-PLIF, a 284 nm 

laser beam with high energy of 22 mJ/pulse was utilised. 

This was to image the fluorescence signals emitted in the 

wavelength range of 308-320 nm when excited OH radicals 

return to their ground state. On the ICCD camera, the same 

filter pack as that of OH* chemiluminescence was used and 

the gain was set at 90% of its maximum value with short 

exposure time of 160 ns. For HCHO-PLIF imaging, a third 

harmonic (i.e. 355 nm) of the Nd:YAG laser at very high 

energy of 120 mJ/pulse was used. As a good marker of low-

temperature reaction, HCHO fluorescence signals are 

emitted in the wavelength range of 380-450 nm, which was 

recorded using the same ICCD camera as other diagnostics 

 

Figure 1:  Illustration of a single-cylinder optical engine and diagnostics setup (right) and the laser sheets below the cylinder 

and the field of view of PLIF imaging (left). 
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with the gain setting at 60% and exposure time of 100 ns. 

To isolate the HCHO signals from other interference 

signals such as laser light scattering, soot incandescence or 

fluorescence from other species, a combination of 385 nm 

long pass filter, 430 nm band pass (10 nm FWHM) filter 

and a short-pass filter (450 nm) was used. It is to be noted 

that all the diagnostics performed in the present study were 

implemented one at a time. 

The selected engine operating conditions for the diagnostics 

are summarised in Table 2. The engine speed was 

maintained at 1200 revolutions per minute (rpm) using an 

AC motor. During the engine operation, a 10-skip firing 

mode with one firing cycle followed by nine motoring 

cycles was implemented so that the thermal stress on the 

quartz windows can be minimised while expelling the 

remaining combustion products from the preceding firing 

cycles. The engine was naturally aspirated and the intake 

air temperature was fixed at about 30°C during the 

experiments. The wall temperature of the engine head and 

cylinder liner were heated to 90°C using a water 

heater/circulator (ThermalCare Aquatherm RA Series) to 

simulate warmed-up engine conditions. The common-rail 

pressure was kept constant at low 50 MPa because our 

previous study [46] showed higher common-rail pressure 

causes significant wall-wetting and fuel-film formation, and 

thereby increasing smoke and uHC emissions. The 

experiments were performed using a conventional diesel 

fuel with cetane number of 51, and a low-ignition quality 

fuel with cetane number of 30. For the single-injection GCI 

combustion, the injection timing was fixed at 12°CA bTDC 

while for the double-injection, the first injection timing was 

fixed at 170°CA bTDC, similar to our previous studies 

[6,10] with the second injection timing of 9°CA bTDC. The 

combustion phasing (i.e. CA50) was fixed at 12°CA aTDC. 

Also, 40% first injection proportion was selected for 

double-injection strategy based on our previous tests to find 

optimised mixture homogeneity of the first injection and 

charge premixing level of the second injection [10]. The 

two GCI injection conditions were compared with the 

single-injection diesel reference case. Regardless of the 

tested fuel and injection strategy, the total injected fuel 

mass per firing cycle was held constant at 9 mg with an 

overall equivalence ratio of 0.24. 

 

2.2 Single-cylinder metal engine 

The schematic diagram of a single-cylinder common-rail 

diesel engine for efficiency and emissions testing is shown 

in Fig. 2. The engine shares the same hardware as the 

optical engine except the optical liner and extended piston 

being removed. Also, this engine is connected to Eddy 

Current (EC) dynamometer (FroudeHoffmann AG-30HS) 

to enable higher load operation – e.g. 910 kPa of indicated 

mean effective pressure as in this study. Table 3 shows the 

selected engine operating conditions for the efficiency and 

emissions testing. It is noted that the engine was run at 

higher load conditions than the optical engine, and the test 

was conducted for various speeds, which were to evaluate 

the real performance of GCI combustion in comparison to 

diesel combustion.  

In this engine setup, the in-cylinder pressure was recorded 

using a piezoelectric pressure transducer (Kistler 6056A1) 

for 100 consecutive firing cycles, which was used to obtain 

the average in-cylinder pressure trace, indicated power, 

efficiency, and specific fuel consumption (ISFC). The 

engine-out emissions of smoke (opacity), NOx, and unburnt 

hydrocarbon (uHC) and carbon monoxide (CO) were also 

measured using an opacimeter (Horiba MEXA-600S, 

accuracy: ±0.15 m-1 light absorption coefficient), a 

chemiluminescence-type gas analyser (Ecotech 9841AS, 

1% accuracy), and a non-dispersive infrared (NDIR) 

analyser (Horiba MEXA-584L, 1.7% accuracy), 

respectively. For the sake of brevity, the discussion will be 

limited to NOx and smoke emissions in this paper. 

Table 1: Engine specifications 

Displacement (single cylinder) 497.8 cm3 

Bore 83 mm  

Stroke 92 mm  

Piston Cylinder bowl (ɸ55 mm)  

Number of valves 2 intake and 2 exhaust 

Compression ratio 17.7:1 (Geometric) 

Swirl ratio 1.4 

Injection system 

7-hole common-rail (Bosch CP3) 

Nominal hole diameter: 134 µm 

Included angle: 150°                             

K-factor: 1.5                                

Discharge coefficient: 0.86             

HFR: 400 cm3 for 30 s at 10 MPa 

 

 

 

 

Table 2: Engine operating conditions for optical/laser-

based imaging diagnostics 

Engine speed [rpm] 1200 

Coolant (water) temperature [°C] 90 

Common-rail pressure [MPa] 50 

Fuel GCI Diesel 

Cetane number 30 51 

Octane number (estimated) ~60 ~10 

Fuel injection strategy Single Double Single 

1st injection timing [°CA bTDC] 12 170 5 

2nd injection timing [°CA bTDC] - 9 - 

1st injection proportion [%] - 40 - 

1st injection signal duration [ms] 0.635 0.464 0.625 

2nd injection signal duration [ms] - 0.512 - 

Combustion phasing [°CA aTDC] ~12 

Total injected fuel mass [mg/cycle] 9 

Total energy input [J/cycle] ~391 

Overall equivalence ratio [ф] 0.24 
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Figure 2: Schematic diagram of the single-cylinder engine 

setup for efficiency and emissions testing  

 

Table 3: Engine operating conditions for efficiency and 

emissions testing 

 GCI Diesel 

Engine speed [rpm] 1200 1600 2000 2000 

Common-rail pressure [MPa] 50 130 

Net IMEP [kPa] ~910 

910 
Fuel injection strategy Double injection Single 

Fuel 
injection 

timing 

1st injection  

[°CA bTDC] 
170 13 

2nd injection  

[°CA bTDC] 
12, 9, 6, 3, 0, -3 - 

 

Injected 

fuel mass 

1st injection [mg] 5.04 7.2 7.2 26 

2nd injection [mg] 

 

 

 

 

13 13 14.8 - 

Overall equivalence ratio (ф) 0.48 0.53 0.58 0.66 

  

3. Results and discussion 

3.1 Optical/laser-based imaging diagnostics 

Figure 3(top) shows individual and ensemble-averaged in-

cylinder pressure traces for diesel, single-injection and 

double-injection GCI combustion strategies (GCI:Single 

and GCI:Double). By plotting the in-cylinder pressure 

traces for all measured cycles, it was confirmed that cyclic 

variations are minimal such that the pressure gap associated 

with combustion strategies well exceed the inherent cycle-

to-cycle variations. For each strategy, the injection timing 

was adjusted so that the combustion phasing could be fixed. 

The corresponding apparent heat release rate (aHRR) traces 

are shown at the bottom wherein actual fuel injection 

timing and duration for each combustion strategy is 

illustrated. The figure shows that, for all three combustion 

strategies, the start of combustion occurs at about 5°CA 

aTDC and the peak aHRR is positioned at about 8.5°CA 

aTDC (or CA50 at 12°CA aTDC). Since the start of 

injection was different, this fixed combustion phasing 

means that the ignition delay and pre-combustion mixing 

time for GCI:Single was almost twice longer than diesel, 

achieving a partially premixed charge due to the use of a 

low ignition quality fuel. The GCI:Double also shows 

longer ignition delay than diesel. It was thought the early 

first injection caused a well-mixed homogenous charge 

while the late second injection initiated the high-

temperature reaction. From the figure, it is observed that 

diesel combustion leads to higher peak of in-cylinder 

pressure and aHRR than the two GCI strategies with the 

single-injection GCI showing higher peak values than the 

double-injection GCI mode. For the two GCI modes, a 

small peak in the aHRR at about 2°CA aTDC is noticeable. 

This was due to low-temperature reaction during the first-

stage ignition. That is, the extended ignition delay and 

increased charge premixing for GCI combustion modes 

created an environment for distinctive low-temperature 

reaction period. Between the two GCI modes, GCI:Double 

shows lower peak of aHRR as the mixture homogeneity 

was enhanced due to the early first injection. 

The transition of low-temperature reaction to high-

temperature reaction was investigated using cool-flame and 

OH* chemiluminescence imaging. Figure 4 shows, for 

diesel combustion, the cool-flame signals start to develop 

from 2°CA aTDC with the first signals emerging along the 

jet axis and then growing near the jet-wall impingement 

point. This is followed by OH* chemiluminescence signals 

observed at 6°CA aTDC, also forming on the jet axis first 

and then developing near the bowl-wall region. Each OH* 

signal pocket corresponding to each fuel jet then grows and 

 
Figure 3. The in-cylinder pressure traces of all 

individual cycles and their ensemble average for 

diesel, GCI:Single and GCI:Double (top). Shown at 

the bottom are the corresponding apparent heat 

release rate traces 
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interacts to fill up most of the combustion chamber until the 

signals decline and exhibit the distinctive seven pocket 

structure again in the late cycle. 

For GCI:Single, the cool-flame signals are firstly found 

further downstream, i.e. near the bowl wall, which show a 

wider spatial coverage than diesel. This suggests more 

premixed charge was made due to extended ignition delay 

time. An interesting trend observed from the OH* 

chemiluminescence images at 4 and 5°CA aTDC is that 

multiple signal pockets, which would be interpreted as 

ignition kernels, form within the near-wall region where the 

cool-flame signals were almost uniformly distributed (e.g. 

1°CA aTDC). These small pockets progressively merge to 

form a larger OH* zones. Compared to diesel combustion, 

the OH* chemiluminescence signals do not show 

distinctive jet structures corresponding to seven nozzle 

holes, with only vague boundaries being identified later at 8 

and 10°CA aTDC. The GCI:Double shows cool-flame and 

OH* chemiluminescence images strongly affected by two 

split injections. For example, cool-flame signals show a 

distinctive and clear seven jet structure, which was 

predominantly due to the late second injection that lasted 

until TDC. The cool-flame signals appear all the way from 

the near nozzle to the bowl-wall region, which gradually 

disappear from the near nozzle region. Prior to the OH* 

dominant high-temperature reaction phase, the cool-flame 

signals decline, leaving the last signals near the bowl wall. 

The OH* signals develop in a similar pattern as the 

GCI:Single with multiple ignition kernels, which were 

likely from the second-injection mixtures. However, the 

OH* distribution is more spread and uniform, indicating the 

strong influence of the early first-injected fuel. The seven 

jet structure is hardly found from the OH* 

chemiluminescence images for GCI:Double. 

Figure 5 shows the combined HCHO- and OH-PLIF images 

during the ignition and main combustion period for diesel, 

GCI:Single and GCI:Double strategies at 8 mm and 10 mm 

below the cylinder head. Diesel combustion shows that the 

OH-PLIF signals co-exist with HCHO-PLIF signals in the 

jet-wall impingement region after the start of high-

temperature reaction at 6°CA aTDC. At later crank angles, 

the OH radicals replace the HCHO, which happens in the 

jet-wall interaction region and then progresses towards jet-

jet interaction region. By 9°CA aTDC, other than the 

suspected PAH interference, only the OH-PLIF signals are 

observed. This timing corresponds to peak aHRR (Fig. 3), 

suggesting strong high-temperature reactions. By contrast, 

for GCI:Single strategy, the isolated OH-PLIF signals grow 

out of the HCHO-PLIF region from the jet-wall interaction 

point, which occurs between 4 and 6°CA aTDC. The 

 
Figure 4: Cool- flame and OH* chemiluminescence images for diesel, GCI:Single and GCI:Double 

 

 
Figure 5: The combined HCHO- and OH-PLIF images 

during the ignition and main combustion period for 

diesel, GCI:Single and GCI:Double at 8 mm and 10 mm 

below the engine cylinder 
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development pattern of OH radicals is more sequential than 

diesel combustion such that the first OH zone appears 

within the HCHO region and then grows in both radial and 

axial directions. This is consistent with the expected higher 

charge premixing condition of GCI combustion. It is also 

consistent with the OH* chemiluminescence images 

showing the multiple ignition kernels and their gradual 

merger to form a large high-temperature reaction zone (Fig. 

4). In comparison, the GCI:Double strategy shows wider 

spread OH signals due to higher mixture homogeneity from 

the early first injection. It is noticeable that, between 4 and 

8°CA aTDC, the OH develops faster across the entire 

reaction zones, meaning the HCHO to OH transition 

occurred at a higher rate than that of GCI:Single. This 

explains why the spatial coverage of cool-flame (Fig. 4) 

and HCHO signals for GCI:Double is less compared to 

GCI:Single. That is, the early first injection produced a 

more homogenous premixed charge, which, upon the start 

of combustion initiated by the late second injection, led to a 

faster transition of low-temperature reaction to high-

temperature reaction. For GCI engine applications, this 

would result in better combustion stability and thereby 

extending the low load limit. 

3.2 Engine efficiency and emissions testing 

The GCI:Double combustion strategy was further 

investigated for efficiency and emissions at more practical 

and wider operating conditions. As an example, the in-

cylinder pressure and aHRR traces at three different engine 

speeds of 1200, 1600, and 2000 rpm are shown in Fig. 6. In 

each plot, the data is shown for various second injection 

timings with fixed first injection timing of 170°CA bTDC. 

From the figure, a clear trend is found that the peak of in-

cylinder pressure decreases with increasing engine speed at 

any fixed second injection timing. The same trend is also 

found in the peak aHRR shown in the middle row. 

However, care should be taken to interpret the observed 

trend as the physical time available per each crank angle is 

shorter at higher engine speed. Indeed, when the aHRR is 

plotted for J/ms (bottom row) instead of J/°CA (middle 

row), the trend is reversed that the peak aHRR increases 

with increasing engine speed. This could be explained by 

the increased energy input as the injected fuel mass was 

increased to maintain the target power output. Also, the 

heat loss was expected to be decreased due to the limited 

time at higher engine speed.  

The engine efficiency plotted in Fig. 7 shows a decreasing 

trend with increasing engine speed. At fixed engine speed, 

the advanced injection timing resulted in higher efficiency 

and lower indicated specific fuel consumption (ISFC) due 

to higher in-cylinder pressure. Figure 7 shows that high net 

indicated efficiency of 50% and low ISFC of 160 g/kWh 

could be achieved at 12°CA bTDC second injection and 

2000 rpm conditions. In comparison, the diesel reference 

case with a similar aHRR profile (see Fig. 6) shows 41% 

efficiency and 210 g/kWh ISFC. This means 22% increase 

in the net indicated efficiency and 23.8% decrease in ISFC 

using the GCI combustion implementing a double injection 

strategy. 

The smoke opacity results are shown in Fig. 8(top). Trends 

are clear that the advanced second injection and thus 

advanced combustion phasing (Fig. 6) leads to smoke 

reduction regardless of the engine speed. The observed 

trends could be explained by the ignition delay time. That 

is, at earlier second injection timing, the increased ignition 

delay caused extended time for premixing and decreased 

locally rich mixtures. The same explanation applies to 

engine speed variations: lower engine speed leads to 

increased premixing time (in physical time domain) and 

 
Figure 6: In-cylinder pressure and apparent heat release rate (aHRR) in crank angles and milliseconds for various second 

injection timings of the double injection strategy at three different engine speeds 
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thus lower smoke emissions. Compared to the diesel 

reference case showing 13% opacity, the corresponding 

GCI:Double combustion (12°CA bTDC/2000 rpm) exhibits 

much lower opacity of 2%, which is also due to the 

increased charge premixing and mixture homogeneity. 

 

The engine-out emissions of NOx, plotted in Fig 9(top), 

show an interesting trend of decreasing and increasing 

emissions with advanced second injection timing. The 

minimum emission is found for second injection timing of 

3°CA bTDC. At the earlier second injection timing, the 

advanced second injection led to increased NOx emissions, 

which is consistent with increased peak aHRR as shown in 

Fig. 9(bottom), suggesting higher thermal NO formation. 

At the later timings than 3°CA bTDC, however, the peak 

aHRR is lower, which cannot explain the significant 

increase in NOx emissions. Note that for these two second 

injection timings of 0 and -3°CA bTDC, the second 

injection occurred after the start of combustion, i.e. fuel 

injection into the existing flames, which was thought to 

increase local flame temperatures although they might not 

show up in the bulk-gas-averaged aHRR. Except these late 

second injection timings, the smoke opacity (Fig. 7) and 

NOx emissions show a trade-off characteristic, similar to 

diesel combustion. In other words, the advanced injection 

led to increased premixing and higher peak aHRR resulting 

in decreased smoke but increased NOx emissions. 

Regarding the engine speed variations, figure 9 shows 

decreased NOx emissions with increased engine speed, 

which also follows the trade-off characteristic. As 

mentioned previously in Fig. 8, the premixing time in the 

physical time domain was reduced as the engine speed was 

higher, which led to increased smoke emissions and 

reduced thermal NO formation. Compared to the diesel 

reference case with 2.8 g/kWh of NOx emissions, the GCI 

combustion (12°CA bTDC/2000 rpm) achieves 35.7% 

lower emissions at 1.8 g/kWh, demonstrating the 

simultaneous reduction of smoke and NOx emissions.  
 

4. Conclusions 

By performing optical/laser-based imaging diagnostics for 

diesel, GCI:Single and GCI:Double combustion strategies 

in an optical compression ignition engine, fundamental 

knowledge was gained to develop a multi-fuel capable 

compression ignition engine, which can be summarised as 

follows: 

1. For diesel combustion, the low-temperature reaction 

initiates from the jet-axis and then spread downstream 

towards the bowl wall, showing a clear seven-jet 

 
Figure 7: Net indicated power, efficiency and ISFC for 

various second injection timings of the GCI double 

injection strategy at three different engine speed 

conditions 

 
Figure 8: The smoke opacity for various second 

injection timings of the GCI double injection strategy at 

three different engine speed conditions. Shown at the 

bottom is the smoke opacity versus ignition delay time 

 

 
Figure 9: Engine-out emissions of oxides of nitrogen 

(NO and NO2) and peak aHRR for various second 

injection timings of the GCI double injection strategy at 

three different engine speed conditions 
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structure corresponding to each nozzle hole. The high-

temperature reaction also follows a similar development 

pattern with distinctive reaction zones first forming on 

the jet axis and then near the bowl wall. The HCHO and 

OH radicals co-exist near the bowl wall during the 

ignition process. 

2. The single-injection GCI combustion shows low-

temperature reactions occurring from the bowl wall 

region with wider spatial coverage of HCHO due to 

increased charge premixing. The OH radicals grow out 

of HCHO region near the bowl wall in a more 

sequential manner compared to diesel combustion. This 

transition from low- to high-temperature also involves 

multiple ignition kernels that progressively merge to 

form a larger high-temperature reaction zone. 

3. The double-injection GCI combustion shows low-

temperature reactions occurring from the jet-wall 

impingement point with distinctive seven-jet structures 

while the spatial coverage of HCHO is less than the 

single-injection GCI strategy. However, the high-

temperature reaction shows wider spread and more 

dispersed signals along the bowl-wall due to the early 

first injection causing a homogeneous premixed charge. 

During the low- to high-temperature reaction transition, 

the HCHO consumption to form OH radicals is higher, 

indicating faster transition for better combustion 

stability. 

The GCI:Double combustion strategy was also tested for 

efficiency and emissions at more practical operating 

conditions with variations in engine speed. The level of 

charge premixing, which was found to make a predominant 

effect on ignition process from the optical combustion 

diagnostics, was identified again as a key player. The major 

findings from this test are summarised as follows: 

 

4. The increased engine speed leads to lower efficiency 

and higher ISFC. In the physical time domain, the heat 

release rate increases with increasing engine speed but 

the combustion phasing does not change. A typical 

smoke-NOx trade-off is found with increased smoke and 

decreased NOx emissions at higher engine speed, which 

is related to reduced charge premixing time. 

5. Compared to a selected diesel reference case at 2000 

rpm, the corresponding GCI:Double combustion 

strategy with a similar aHRR profile shows 22% 

increase in net indicated efficiency and 23.8% decrease 

in ISFC by implementing a double injection strategy. 

The smoke level is decreased as evidenced by a 

significant reduction of opacity from 13 to 2% and 

simultaneously, the NOx emissions are reduced by 

35.7%. 
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Abstract
A turbulent supersonic reacting mixing layer is studied numerically using Direct Numerical and Large Eddy Simulation,
combined with a 13 species, 33 reaction detailed chemical kinetic model. Of interest are the predicted combustion regimes,
characterised by the nondimensional turbulent Damkohler number (Dat ) and turbulent Reynolds number (Ret ). Knowledge
of these regimes is important to appropriately modelling turbulence/chemistry interaction in these flows. The present case
consists of a temporally developing mixing layer between high velocity air and pure hydrogen fuel, with temperatures of 1500K
and 1400K respectively, an initial differential velocity of 2834 m/s, and a uniform pressure of 101kPa. The simulations are
sustained for ≈ 100µs, with transition to fully turbulent behaviour occurring around ≈ 20µs. Comparison of the combustion
regimes computed using the DNS and LES simulations reveal only minor differences; the DNS regimes spanning a broader and
somewhat slower range of the parameter space. These results imply that LES can be used in supersonic propulsion applications
to compute regime information relevant to practical design problems.

Keywords: Hypersonics, Direct Numerical Simulation, Turbulent Combustion, Supersonic Combustion

1. Introduction
Cutting edge simulations of supersonic reacting flows are
presently subject to a high degree of uncertainty. These
simulations are often applied to supersonic combustion ram-
jets (scramjets), an experimental propulsion technology that
mixes and burns fuel at high velocity to prevent losses from
slowing the flow to subsonic speeds. In this kind of envi-
ronment reactions must complete in milliseconds, and mi-
nor errors in ignition delay can lead to large errors in per-
formance as predicted by Computational Fluid Dynamics
(CFD). Scramjets also contain complex turbulent flow fields,
including separations, shockwave turbulent boundary layer
interactions, and fuel injection structures that CFD models
frequently struggle to replicate. Critically, turbulence and
combustion do not just exist in isolation but interact strongly
at the smallest possible scales. Turbulent vortices are respon-
sible for sweeping up fuel and incoming air and increasing
the available surface area for them to mix at the molecu-
lar level. Once ignition begins the interaction continues and
may even become stronger, as the flame structure is disrupted
by turbulent eddies that break apart layers of intermediate
species and recycle and mix them anew.

Many decades of research by the combustion community has
produced an impressive array of predictive models to handle
this Turbulence/Chemistry Interaction (TCI), but progress
has been mostly concentrated on low speed flows. In [1] we
have reviewed a large number of supersonic, reacting simu-
lations that use high-fidelity turbulence modelling and found
little consensus on which models are best suited to compress-
ible TCI. This uncertainty is important because the results of
computational simulations are embedded in supersonic flight
experiments at every level. CFD is used to design individual
engine components, to optimize the overall vehicle design
and flight trajectory, to interpret and design wind tunnel tests,
and to ensure that fully integrated flight tests are successful
and return useful scientific data.
∗Corresponding Author. Email: n(dot)gibbons(at)uq.edu.au

This paper is part of a broader campaign to understand the
phenomenon of turbulent combustion in supersonic flows.
We focus on a basic question: How to classify the com-
bustion occurring in a typical scramjet flow into combustion
regimes — areas of the parameter space where a coherent
physical picture or set of simplifying assumptions can be
identified. Since different TCI models make different simpli-
fying assumptions, the regime information can then be used
to choose a model from the existing menu or to assist in de-
veloping new ones if required.

Computational simulations can be used to estimate these
regimes, but without prior knowledge of the regimes one can-
not choose an appropriate model, and without a model one
cannot quite be sure that the simulated regimes are accurate.
This chicken-and-egg problem is addressed in this paper by
using Direct Numerical Simulation (DNS) of a simple fun-
damental supersonic reacting flow to estimate the combus-
tion regimes with an established technique. Since the DNS
resolves all of the chemical and turbulent structures down
to the smallest scales, the turbulence/chemistry interaction
is computed directly with no additional modelling required,
and the regime analysis should be trustworthy. These results
are then compared to an identical simulation using an ap-
proximate turbulence model, a high-fidelity Large Eddy Sim-
ulation without an explicit TCI model (otherwise known as
quasi-laminar combustion). If the results are the same then
the LES technique can be applied in the future to estimate
the regimes in more practical engine-like flows without fear
of the regimes being inaccurate, and if they differ then the
simulations might offer clues as to why.

2. Flow Description
The flow configuration for a Direct Numerical Simulation
must be chosen carefully. Turbulence produces a vast range
of scales that are difficult or impossible to resolve in a prac-
tically sized object such as an engine or aircraft wing, given
finite computing time and memory limits. Instead, prior work
on compressible high-speed DNS has focused on simple fun-
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damental flows that replicate the physics of supersonic mix-
ing and combustion one-at-a-time in a reasonably sized ge-
ometry. The simplest of these arrangements is isotropic ho-
mogeneous turbulence [2] [3], a statistically amorphous mass
of randomly fluctuating flow that convects through a domain
with periodic boundaries. More complicated examples in-
clude boundary layer flows [4] [5], and spatially developing
mixing layers [6] [7] [8] where two initially separate streams
of fuel and oxidiser flowing in the same direction mix and
burn as they move downstream. There have also been stud-
ies of temporally developing mixing layers [9], where the
two streams begin with opposing velocities and the mixing
layer develops between them while contained within a set of
periodic boundary conditions. Mixing layers are a particu-
larly interesting fundamental flow in the present context due
to their importance in scramjet combustors, and temporally
developing mixing layers in particular typically require fewer
computational resources than spatially developing ones since
the domain size is smaller.

For these reasons the flow configuration chosen for this
investigation is a temporally evolving mixing layer docu-
mented in figure 1. The initial condition consists of one layer
of pure hydrogen fuel and another of air, confined in a peri-
odic cubic-shaped domain with a high opposing velocity and
allowed to evolve in time. The domain itself is quite small,
with all side lengths set to 20mm. This limits the amount
of time the mixing layer can be sustained, since eventually
the largest turbulent structures will span the entire domain,
but the small size ensures that the computation is tractable in
terms of computational expense.

At the interface between layers, the gas properties are
blended over a≈ 0.6mm hyperbolic tangent function, to help
make different simulations on different grids comparable.
This interface is also perturbed by a sinusoidal function with
amplitude 0.2mm and wavelength 3.3mm, to ensure rapid
and consistent transition of the LES simulation. Addition-
ally, the top and bottom surfaces of the domain have extra
blocks of cells added to them with cells that stretch rapidly
in the Z direction, which damps out any waves and prevents
them from reflecting off the symmetry boundary conditions
at Z = 16.5mm and Z = -16.5mm. These extra blocks are
excluded from the visualizations to come so that the images
can be larger, and because the flow in them is non-physical.

Z

L
=2

0
m

m

XY

L=20 mm
L=20 mm

Figure 1: Supersonic Mixing Layer initial state

The initial flow conditions are documented in table 1. These
numbers are roughly analogous to the initial state of fuel and
air in a scramjet engine but are not completely representative
of these states. The relative velocity of the two layers has
been increased to ensure rapid transition to turbulence, and
the fuel temperature is also higher than a typical wind-tunnel
test to ensure that the flow reacts during the brief period the
mixing layer can be sustained. The simulations are intended
to test the modelling methodology and investigate some of
the physics of the subgrid field, not to precisely emulate the
conditions in a scramjet engine, so the initial conditions were
chosen to reflect this goal.

Table 1: Supersonic Mixing Layer Initial Conditions.

Air:
p 101,000 (Pa)
T 1,400 (K)
u -1,168.89 (m/s)

YN2 0.767
YO2 0.233

Fuel:
p 101,000 (Pa)
T 1,500 (K)
u 1,665.89 (m/s)

YH2 1.0

3. Simulation Methodology
The simulations in this work are performed using the
computer code Unstructured 3D (US3D), a hybrid struc-
tured/unstructured finite-volume compressible flow code for
aerospace applications, developed at the University of Min-
nesota [10]. US3D is equipped for complex thermochemical
non-equilibrium including finite-rate chemical kinetics and
two-temperature gas modelling, as well as the presence of
turbulence through both Reynolds Averaged Navier-Stokes
(RANS) and Wall-Modelled Large Eddy Simulations (LES).
The results to come are compiled from two distinct simula-
tions of the same flow; a Large Eddy Simulation that models
subgrid scale turbulent transport using the IDDES method of
[11], and a Direct Numerical Simulation that uses a very fine
grid to actually compute the fine-scale turbulent fluctuations
instead. Both simulations model chemical reactions using a
13 species, 33 reaction detailed chemical kinetic model for
hydrogen combustion [12]. Time advancement is computed
using the second order implicit Full-Matrix Point Relaxation
(FMPR) method [13], and the inviscid fluxes are computed
using the low-dissipation gradient reconstruction [1]. This
scheme switches between a symmetric 6th order accurate
gradient reconstruction method in smoothly varying regions
of the flow, and a highly dissipative scheme based on [14, ?]
near shockwaves and discontinuities. The switching function
of [15] is used for this purpose.

Table 2: Solver settings for Supersonic Mixing Layer.

SML Parameters DNS LES
Turbulence Model None IDDES [11]

Grid Size 2993 993

Solver US3D [10]
Chemistry 13s33r [12]

Time Advancement FMPR 2nd [13]
Inviscid Fluxes Grad. Recon. 6th[1]

Domain Size 20mm
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Figure 2: DNS time evolution of Fuel H2 (TOP), oxidiser O2 (MIDDLE), and product H2O (BOTTOM).

4. Flow Structure
This section uses the DNS results to explore the flowfield
and draw general conclusions about the overall behaviour of
the mixing layer. Figure 2 shows several colour maps of the
key variables, visualizing the x-z plane through y=0.01 in the
centre of the domain. The upper layer of flow is travelling to
the left, and the lower layer to the right. The first column
shows the simulation at time zero. Its only visible feature
being the interface discussed in an earlier section, which has
been raised slightly above the center of the domain to coun-
teract an observed drift in the location of the shear layer as
the simulation develops. The sinusoidal perturbations in the
interface location use a nominal wavenumber of six and are
used to accelerate the transition to turbulence and ensure that
the two simulations have similar initial conditions.

The second column is a snapshot of the flow at ≈ 20µs, just
as the flow is transitioning to turbulence. Combustion is just
beginning as well, as evidenced by the ribbon of H2O visible
in the bottom image, on the top (air) side of the mixing layer.
This ribbon is unable to propagate deeper into the mixing
layer due to the richness of the mixture in the center, but by
the time of the final column, ≈ 100 µs, the combustion zone
has grown to encompass most of the domain. At this point

the simulation was stopped, since the coarse cells at the bot-
tom and top of the domain would soon begin to compromise
the results.

Overall then, the simulation displays rapid transition to tur-
bulence and robust combustion over the time period. These
two effects interact strongly in the mixing layer, leading to
strong coupling between the turbulence and the chemistry,
confirming the simulation is behaving appropriately for its
purpose.

5. Combustion Regime Analysis
A useful first step in attempting to model turbulent combus-
tion is to characterize the system of interest using some di-
mensionless parameters. Often a very large or very small pa-
rameter will suggest a physical effect that is dominant, or one
that can be ignored, or if two parameters are approximately
equal sometimes a model can be built that assumes a ratio of
them is order unity. Areas in the parameter space where this
happens can be called regimes, and it is helpful to ask which
regime turbulent combustion in scramjets occurs in, to deter-
mine which of the existing models will be appropriate, or to
assist in developing new ones if none are suggested.
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This analysis follows the overall method of Balakrishnan and
Williams, 1994 [16]. The authors identify two important di-
mensionless parameters that can be used to classify the com-
bustion into physically distinct types. The first is the turbu-
lent Damkohler Number Dat :

Dat =
τt

τc
(1)

Defined as the ratio between the turbulent timescale and the
chemical timescale. Large values of Dat indicate fast chem-
istry that reacts quickly relative to the turbulent motion, and
small values represent slow reactions where the turbulence
controls mixing and stirring of the reactants in a distributed
reaction zone. To compute this quantity, first the character-
istic turbulent timescale τt is required. This represents the
turnover time of a large eddy computed using the integral
timescale to set the length and the turbulent kinetic energy
kt to estimate a velocity. An expression from this is taken
from [17], and includes the turbulent dissipation ε, defined
in equation 5:

τt =
kt

ε
(2)

kt is the energy per unit mass tied up in turbulent motion (the
turbulent kinetic energy or TKE). The TKE can be estimated
by splitting it into two parts, a resolved energy based on the
fluctuating velocity field, and a subgrid component represent-
ing the energy tied up in the modelled eddies that are filtered
out by the LES.

kt = kr + ksgs (3)

The resolved TKE is computed from the fluctuating veloci-
ties u′i = ui− ui, where the overline indicates the 1-d spatial
average from equation 16 and ui is the velocity vector. The
subgrid TKE is computed using an estimation technique also
from [17], which uses ∆ as the filter width (grid cell size), νt
as the turbulent dynamic viscosity, and ck

v a constant equal to
0.07:

ksgs =
ν2

t

(ck
v∆)2 kr = ∑

i

1
2

u′iu
′
i (4)

The turbulent dissipation ε represents the rate at which en-
ergy in the form of turbulent motion is being transformed
into heat in the form of disordered molecular motion. It is
also composed of two parts, a resolved component computed
from the actual eddies present in the solution, and a subgrid
component contributed by the LES model.

ε = εsgs + εr (5)

An expression for the resolved dissipation is taken from the
turbulent kinetic energy transport equation, derived in [18].
This transport equation has a dissipation term that can be in-
terpreted as εr, computed using the fluctuating strain rate ten-
sor S′i j.

εr = 2ν∑
i

∑
j

S′i jS
′
i j S′i j =

1
2

[
∂u′i
∂x j

+
∂u′j
∂xi

]
(6)

The subgrid dissipation is computed from an expression de-
rived by [17], which combines the Kolmogorov scaling laws

for isotropic homogeneous turbulence to estimate εsgs from
the turbulent viscosity.

εsgs =
0.931k3/2

sgs

∆
(7)

Note that in the DNS simulation, both ksgs and εsgs are set
equal to zero.

The other component of Dat is the chemical timescale τc.
What this timescale represents conceptually is less clear than
for the turbulent one: Essentially it is how long one has to
wait before a significant change occurs in the species concen-
trations due to chemistry, although the threshold of ‘signif-
icance’ is somewhat open to interpretation. This work uses
Chemical Explosive Mode Analysis (CEMA) [19] to com-
pute τc, as the method is quite general and has performed
well in comparative testing [1]. In CEMA, a timescale is ex-
tracted from the reaction dynamics by starting with the chem-
ical source term Jacobian:

Js j =
∂ω̇s

∂U j
(8)

Where ω̇s is the formation rate of each species in kg/m3/s,
and U j is a vector of conserved variables. A standard numer-
ical linear algebra routine is then used to obtain the eigenval-
ues of the matrix Js j

λn = evals(J) (9)

Each eigenvalue is associated with a certain chemical mode.
These modes are abstract vectors that are combined linearly
to produce the change in composition due to chemistry at
each timestep. Each chemical mode is an exponential func-
tion of time, and the eigenvalues are the time constants in
these functions, where positive real parts indicate the mode
is departing explosively from an equilibrium state, and nega-
tive indicates a mode approaching equilibrium. The positive
ones, the ‘Explosive Modes’, are used to estimate the chemi-
cal timescale by simply choosing the largest real component
from the set of eigenvalues λn (which have units of s−1) and
computing the inverse to get a timescale:

tc = max
(

λn +λ∗n
2

)−1

(10)

Where λ∗n is the complex conjugate of the nth eigenvalue.
The last component of the regime analysis is the turbulent

Reynolds number Ret . This number quantifies the intensity
of the turbulence, as determined by the ratio of the inertia of
the turbulence at large scales and the strength of the viscous
forces that oppose it. Large values of Ret intensify the Turbu-
lence/Chemistry Interaction that may be present in a partic-
ular regime. It is computed from various quantities already
introduced, plus the kinematic viscosity ν.

Ret =
k2

t

εν
(11)

These two numbers can be computed for each point in the
flow field and mapped onto a Dat vs Ret parameter space,
an approach suggested by [16] and updated by various au-
thors including [17]. Areas in the parameter space where the
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points cluster suggest relevant combustion regimes, where
simplifying assumptions can be made and appropriate turbu-
lent combustion models can be applied. The actual physical
characteristics of each regime differ between premixed and
nonpremixed combustion, and are likely to be different in
this contrived flow situation compared to in a real engine. For
this reason we spend little time analysing what the regimes
are and focus more on the comparison between the LES and
the DNS.

Figure 3 compares the regime diagrams using a heatmap ap-
proach where the colour scale indications the number of cells
found within a small region of the Ret /Dat space. A map
is computed for each simulation, one each at the early (20
µs) and late (100 µs) times that we have been examining.
Cells with low TKE (kt < 1.0) and extremely slow reactions
(tc > 1.0) have been excluded, leading to varying numbers of

points in each heatmap.

The results show that the LES computes very similar regimes
to the DNS. Both indicate some kind of thin flame would
be present, possibly with significant disruptions of the flame
structure due to locally intense turbulence. There are how-
ever some minor differences as well. The DNS results span a
broader range of the parameter space, particularly at the later
time, and tend to be lower on the diagrams indicating slower
reactions relative to the turbulent timescales. Interestingly
the LES results tend to be a bit further in the radial direction,
a result that would indicate slightly stronger TCI effects to
someone viewing only the LES results. But the difference
is not a major one — both diagrams would license the same
conclusions about which model to use if one needed to com-
pute the subgrid turbulent chemistry accurately.

DNS

LES

t=20 µs t=100 µs

Figure 3: Regime heatmap comparison. Left: 20 µs. Right: 100 µs. Top: DNS. Bottom: LES
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6. Simulation Quality
This section applies a mixture of approximations, averaging,
and rules of thumb to critically examine the numerical setup
used for the simulations already presented.

6.1 DNS Spatial Resolution

Among the most important of these issues is the matter of
spatial discretisation, especially for the DNS. The simulation
domain must contain sufficient size to support realistic turbu-
lent flow inside it. Should the large scales of the flow grow
too large relative to the domain size, the periodic boundaries
will start to affect the results, as they are no longer far enough
apart to be representative of a real flow. Additionally, at the
smallest scales the cell sizes should be sufficient to resolve
the fine detail of the turbulent cascade, ensuring that enough
of the dissipation range is present that energy is not unphysi-
cally trapped in the middle scales. These requirements are
examined here by using the flow field to estimate various
scale sizes using approximate formulae derived from dimen-
sional analysis of idealised turbulence.

The first length scale of interest is the integral length scale l0,
roughly the size of the largest eddies in the flow. This can be
computed [17] using the turbulent kinetic energy kt and the
turbulent dissipation ε:

l0 =
k3/2

t

ε
(12)

The second scale of interest, moving down the turbulent cas-
cade, is the Taylor scale λ. It is an abstract length scale asso-
ciated with the turbulent dissipation, lying somewhere in the
inertial range where the turbulence becomes approximately
scale free. Estimating it additionally requires the kinematic
viscosity (ν), from [17]:

λ =

√
10νkt

ε
(13)

The final and smallest scale used here is the Kolmogorov mi-
croscale η, the size range where viscosity dominates and tur-
bulent structures cannot persist. From [20]:

η =

(
ν3

ε

) 1
4

(14)

These numbers are aggregate properties of an entire turbu-
lent cascade. They emerge from dimensional analysis and
energy scaling laws discovered for homogeneous isotropic
turbulence in equilibrium, an idealization that captures some
of the statistical properties of a real turbulent flow in spite of
its complexity. This means that computing each of them at
each point in the current flow produces a field of length scales
without a clear physical interpretation. A sensible method
for resolving this issue is to aggregate the results using some
kind of averaging process, after which they can be interpreted
statistically as in the the original definition of each quantity.
The present case is highly unsteady and ill-suited to time av-
eraging, but a spatial average can be substituted by assuming
that the 3D turbulent fluctuations are superimposed on a bulk

flow field that varies only in the z direction. Defining a slab-
shaped filter centered on a point Z and spanning the entire x
and y directions as:

F(z,Z,d) =

{
1 : Z−d/2 < z < Z +d/2
0 : else

(15)

The flowfield can be filtered into a one dimensional line at
each timestep, mapping a set of z positions Zk and any flow
variable ψ into a set of filtered quantities ψk:

ψk =
∑ j F(z j,Zk,d)ψ jVj

∑ j F(z j,Zk,d)Vj
(16)

Where the index k varies over 100 non-overlapping slabs
(50 for the LES) that move vertically up the domain, and
the index j varies over each cell in the full 3D flowfield.
Additionally Vj and z j are the volume and z position of cell
j. This operation reduces the flow to a set of time-varying
1D distributions that are stable from run to run and can be
used to easily compare the two simulations and understand
their overall behaviour.

Figure 4 displays the one-dimensionalized turbulent length
scales l0 (Integral), λ (Taylor), and η (Kolmogorov), com-
puted using the DNS at two important times.
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Figure 4: One-dimensionalized turbulent scales, SML DNS.

The results are split into two figures, which display the
distribution of averaged scales for each z position in the
mixing layer, plotted using a logarithmic horizontal axis
for the dependant variable. The left figure is the early
time measurement (≈ 20µs) taken just as the flow becomes
fully turbulent, and the right one is the late time (≈ 100µs)
one just before the simulation ends. The grid spacing ∆ is
marked using a vertical line, and so is the domain size L.
The curves show that the integral scale is properly contained
within the domain, increasing over time but still less than L
at the end of the simulation time. The Taylor scale too stays
roughly centered in the scale space, indicating the presence
of an inertial range where fully developed turbulent effects
are present, and also a substantial range of resolve scales
below this. The Kolmogorov scale is represented by the
blue line in the diagrams, which does dip below the grid
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size limit represented by the dotted line, though the scales
are within a factor of two or three of each other at worst.
It is possible that the grid in this simulation is partially
cutting off the smallest end in the dissipation range, but
enough of it is being resolved for the simulation to run stably
without excessive energy build-up at high wavenumbers.
Additionally, other DNS simulations[3] found have found
the smallest reacting structures are around 10 Kolmogorov
length scales in size, and it is possible that η is a overly
conservative benchmark for ∆ for this reason. Future
simulations should address this concern, but for the present
purposes it appears as if enough of the dissipation range is
being computed that the results of the analysis are still useful.

6.2 LES Spatial Resolution

To evaluate the level of discretisation used in the LES, we es-
timate the subgrid turbulent kinetic energy (TKE) and com-
pare it in magnitude to the resolved TKE present in the flow
[17]. According to a classical definition of a well resolved
LES, the resolved flow should account 80% or more of the
total TKE kt [20]. This rule of thumb can be translated into a
concrete metric, the resolved kinetic energy fraction R, using
the equation 4:

R =
kr + ε

kr + ksgs + ε
(17)

This definition uses a small number (ε = 1×10−6) to force
the metric to approach 1 (fully resolved flow) whenever both
numbers are small, i.e. in laminar conditions.

With the LES filter width being fairly close to the DNS level,
(a reduction by a factor of 3 in cell size), it might be expected
that the LES resolution will be quite good. Computing the re-
solved turbulent kinetic energy fraction R confirms this is the
case. Figure 5 shows the one-dimensionalized representation
of this quantity at 20µs and 100µs of simulation time, which
is well above 80% for the entire domain.
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Figure 5: One-dimensionalized resolved kinetic energy frac-
tion, SML LES.

6.3 Turbulence Reynolds Number

The last quality check is on the state of the turbulence it-
self. At any one point in time the state of the turbulence can
be parameterized by a Reynolds number, assuming a veloc-
ity, kinematic viscosity, and length scale relevant to the flow
problem can be defined. Following [21], we use ∆u, the rel-
ative velocity of the two layers, as the velocity scale, and the
so-called vorticity thickness δω as the length scale:

δω =
∆u

MAX( ∂u
∂z )

(18)

The velocity gradients used in this calculation are computed
using forward differencing from the one-dimensionalized x-
velocity u. The kinematic viscosity ν is computed from the
one-dimensionalized mean properties midway through the
mixing layer. The shear-layer Reynolds number is then:

Re =
∆u δω

ν
(19)

Charting the evolution of this quantity over time provides an
overall view of the time evolution of the turbulent flow in the
domain, as in figure 6.
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Figure 6: Shear layer Reynolds number vs time in microsec-
onds.

In Ref. [21], fully developed turbulent behaviour was ob-
served above Re ≈ 10,000, a useful threshold for verifying
that the apparently turbulent flow in the images in figure 2 is
representative of turbulence in general. Figure 6 shows that
the flow quickly reaches this threshold and stays above it for
the rest of simulation, climbing over time as the mixing layer
grows in size, the increased length scale dominating over the
increase in viscosity that occurs due to the rising tempera-
ture, eventually reaching just over≈ 20,000. The result con-
firms that the DNS is representative of the fully developed,
high Reynolds number turbulence that occurs in a full-sized
engine, in spite of the limited physical size of the domain.
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7. Conclusions
In this work a Direct Numerical Simulation is used to com-
pute combustion regime data in a supersonic turbulent mix-
ing layer. Though the regimes themselves are somewhat arti-
ficial, they have been compared to the results of a similar cal-
culation that uses an approximate turbulence model; a Large
Eddy Simulation or LES. This LES did not include an ex-
plicit model for the filtered reaction rates, assuming that they
can simply be computed from the filtered composition and
temperature as in quasi-laminar combustion. Although this
assumption is known to cause minor errors in the reaction
rates, the combustion regimes computed by the two simula-
tions are similar, differing in location in parameter space by
≈ 0.5 units at the 20µs mark, and ≈ 1.0 at the 100µs mark.
This suggests that the quasi-laminar LES methodology can
be used to investigate the regimes in larger flowfields that are
more representative of real supersonic propulsion systems, at
least to the extent that the DNS/LES correspondence in this
study is maintained at the larger scales.

Further research should aim to test this correspondence, in
addition to the goal of regime characterisation. The DNS
and LES used in this study are rather close in scale, with cell
sizes within a factor of 3, and the combustion they model is
quite fast compared to the milder conditions encountered in
a scramjet flowpath. Relaxing these concerns by matching
the scale separation and combustion speed will increase the
confidence in the conclusions of this paper, and assist greatly
with developing new models to address the significant chal-
lenges ahead.
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Abstract 
The present study reveals the impact of fuel injection timing on in-cylinder soot processes in a small-bore optical diesel engine. 
Two injection timings were selected for their distinctive differences in the peak in-cylinder pressure/temperature, which was 
used to discuss structure of soot particles within the diesel flame. Thermophoresis-based particle sampling was performed at 
two different in-bowl locations and transmission electron microscope (TEM) imaging was used to visualise the sampled soot 
particles. Subsequently, through both visual inspection and statistical analysis, soot aggregate morphology and sub-nanoscale 
carbon-layer structures were discussed for the two different injection timings. The results suggest that advancing fuel injection 
timing directs the start of combustion closer to the top dead centre and therefore soot formation and oxidation occurred at 
elevated in-cylinder gas pressure/temperature. Consequently, the soot formation is further advanced as indicated by increased 
propensity of large and stretched soot aggregates as well as lack of small and compact soot aggregates. The carbon layer 
structure also shows more mature soot status as evidenced by longer carbon fringe length measured for higher in-cylinder 
pressure/temperature. 
 
Keywords: Diesel engine, Soot structure, In-cylinder gas pressure/temperature 
 
1. Introduction 
As one of the most important operating parameters for 
modern diesel engines, fuel injection timing has significant 
impacts on both the engine performance and pollutant 
formation [1]. It is well known that advancing the fuel 
injection timing effectively reduces the tailpipe soot 
emissions [2], which could be used to meet ever-tightening 
regulations on diesel particulate emission. Most previous 
studies attributed the reduction of soot emissions to 
suppressed formation as a result of enhanced mixing. That 
is, advancing the injection timing results in extended 
ignition delay due to relatively lower in-cylinder pressure 
and temperature at the injection event, which subsequently 
promotes pre-combustion mixing [2,3]. However, recent 
studies suggest ignition delay does not always vary 
monotonically with injection timing [4]. For example, in a 
modern small-bore diesel engine, significantly reduced 
(even negligible) change in ignition delay was observed 
with injection timing variation. This is because the 
enhancement of air-fuel mixing through factors such as 
high swirl ratio dominates over the variation in in-cylinder 
gas conditions [5].  

Another important factor that affects the in-cylinder soot 
processes is in-cylinder gas pressure/temperature [6]. 
Previous studies showed advanced injection timing elevates 
the in-cylinder gas temperature during the main combustion 
event [7]. With the increased in-cylinder gas 
pressure/temperature due to advanced injection timing, soot 
formation was increased; however, the measured engine-out 
emission showed lower soot emissions due to enhanced 
soot oxidation [7]. Given the complex nature of in-cylinder 
soot formation and oxidation and their trade-off 
characteristics in determining the engine-out emissions, 
further insight is required. 

The present study performed soot particle structure analysis 
based on thermophoresis-based in-flame particle sampling 
in a running diesel engine. The particle sampling was 
performed at two in-bowl locations to capture the structural 
evolution of soot particle during the combustion event. The 
subsequent statistical analysis of the sampled soot primary 
particles and visual inspection of soot aggregate structure 
were repeated for two selected fuel injection timings that 
exhibited significant differences in in-cylinder 
pressure/temperature during the main combustion event. 

2. Experiments 
The soot sampling experiment was performed in a single-
cylinder light-duty optical diesel engine modified from a 
conventional 2-litre, four-cylinder diesel engine. The 
simplified engine configuration is shown in Fig. 1 and the 
engine specifications as well as operating conditions are 
summarised in Table 1. The engine has a displacement 
volume of 497.5 cm3 with 83 mm bore and 92 mm stroke, a 

 
Figure 1: Schematic diagram of the optical diesel 
engine and soot sampling setup.  
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geometric compression ratio of 15.5, and a swirl ratio of 
1.4. Throughout the experiments, the engine speed was held 
constant at 1200 rpm using an AC electric motor that is 
connected directly to the crankshaft. The engine was 
naturally aspirated and the intake air temperature was 
maintained at 303 K. In addition, the combustion-chamber 
wall temperature was kept at 363 K by implementing 
heated water circulation (ThermalCare Aquatherm RA 
series) to the cylinder head, liner and engine block. Similar 
to that of previous studies, methyl decanoate (C11H22O2) 
was selected as the diagnostics fuel due to its low sooting 
propensity that helps avoiding potential soot overloading 
for particle sampling experiments. The existing data from 
planar laser-induced incandescence (PLII) imaging was 
also useful to determine the soot sampling locations [9], 
which was obtained using methyl decanoate to avoid beam 
attenuation issues. 

The fuel was directly injected into the combustion chamber 

using a centrally mounted common-rail injector (Bosch 
CP3). Following the same approach as of previous studies, 
the original 7-hole injector nozzle was laser welded for a 
single-hole configuration, which has a hole diameter of 134 
µm and an included angle of 150°. This approach enabled 
the analysis of soot particles from a single jet before more 
practical jet-jet interaction conditions are studied in future.  

For the control of fuel injection timing and duration, a 
universal timing synchronisation unit (Zenobalti 9013-P) 
was used. The fuel injection duration was held constant at 
1.5 ms (electronic), which resulted in approximately 15.3 
mg of fuel per injection at fixed injection pressure of 100 
MPa. Two injection timings of 13 and 16°CA bTDC were 
carefully selected for discernible changes in in-cylinder 
pressure profile and combustion phasing. The present study 
implemented a 10 skip-firing method: fuel injection takes 
place every 10th motoring cycle to expel residual gases from 
previous firing cycle. For each engine run, the in-cylinder 
pressure was recorded using a piezoelectric transducer 
(Kistler 6056A1). 

For soot sampling experiment, a 3-mm diameter TEM grid 
was installed at the tip of the sampling probe, which was 
fixed onto the piston-bowl wall. The probe tip had a 2-mm 
diameter hole that provides a direct exposure of the TEM 
grid to the hot soot-laden gases (flame). The high 
temperature gradient between the hot soot particles and the 
cold TEM grid surface induced thermophoresis effect that 
forced soot particles to deposit on to the grid surface with 
immediate reaction quenching. As shown in Fig. 2, soot 
sampling was performed at two different locations through 
rotating the piston crown by 60°. This is designed to reveal 
evolution of soot particles as carried by the wall jet head 
travelling along the wall from the flame-wall impingement 
region (location A) and to further downstream location 
(location B). At each sampling location, two TEM grids 
were used as the standard and lacy TEM grids for the 
imaging of soot aggregate structure (Fig. 2 left, highlighted 
by red dashed box) and the high-resolution imaging for the 
carbon layer fringes of soot primary particles  (Fig. 2 left, 

 
Figure 2: Illustration of the soot sampling system and example TEM images.  

 

Table 1: Engine specifications and operating conditions 

 

62



highlighted by black-dashed box) with respectively. For 
this sub-nanoscale analysis of carbon fringes, the original 
TEM image was converted into a skeleton image using a 
Matlab-based processing code. Detailed explanation of the 
processing procedure is found in our previous study [8]. 
From each carbon fringe (Fig. 2, white-dashed box), key 
fundamental parameters as fringe length and tortuosity (the 
curviness of fringes) were obtained, which are useful to 
understand the evolution of in-cylinder soot particles.  

 

3. Results and Discussion 
3.1 In-cylinder pressure and aHRR 

Figure 3 shows the ensemble-averaged in-cylinder pressure 
traces and calculated apparent heat release rate (aHRR) 
profiles for the two selected injection timings of the present 
study. The actual start of fuel injection and the start of 
combustion are also annotated in Fig. 3. The observed trend 
is clear that the start of combustion becomes more 
advanced and the in-cylinder pressure is higher at earlier 
injection timing. The peak aHRR also shows higher value 
for more advanced injection timing. It was understood that, 
for the selected conditions of the present study, the higher 
in-cylinder pressure was not related to the level of pre-
combustion mixing due to insignificant variation in ignition 
delay (< 1°CA). It was the earlier start of combustion, i.e. 
the combustion event occurring closer to the TDC, as 
triggered by the advanced fuel injection event. 
Subsequently, the reaction occurred at elevated in-cylinder 
pressure and temperature conditions. This is primarily a 
combustion phasing effect. From our previous study [9], it 
was shown that the soot PLII signals are detected first at the 
peak in-cylinder pressure position, which is roughly 10°CA 
aTDC in Fig. 3. This means the soot formation and 
oxidation would occur at much higher in-cylinder pressure 
(and temperature) conditions for more advanced injection 
timing of 16°CA bTDC. 

  

3.2 Soot particle structure 

Figure 4 shows TEM images of the sampled soot particles 
from sampling location A - the jet-wall impingement point 
(top), and location B - 60° downstream (bottom) for the two 
injection timings. At location A, the sampled soot particles 
show structures that are best interpreted as early formation 
stage for both injection timings – i.e. many small soot 
aggregates composed of single (monomer) or double 
(dimer) soot primary particles. The TEM images show very 
similar soot structures and overall amount of soot particles 
sampled for the two injection timings, indicating minimal 
impact of in-cylinder pressure/temperature on the early 
formation of soot particles. 

Figure 4 (bottom) shows that, compared to location A, the 
sampled soot particles from location B had larger soot 
aggregates composed of many soot primary particles. It is 
clear that both the quantity and size of the sampled soot 
increase significantly between location A and B, and the 
soot aggregates are not only larger but also more complex 
in structures. The TEM images indicate soot particle-to-

particle aggregation, which resulted in a long stretched 
structure of the soot aggregates. 

At location B (Fig. 4, bottom), the soot aggregates show a 
marked difference between the two injection timings. With 
the advanced injection timing of 16°CA bTDC, the small 

 
Figure 3: Ensemble-averaged in-cylinder pressure and 
apparent heat release traces for the two injection timing 
cases. 

  

 

 

 
Figure 4: Transmission electron microscope (TEM) 
images of the sampled soot particles from location A (top) 
and location B (bottom) for the two injection timing cases. 
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and compact aggregates easily seen from the 13°CA bTDC 
injection are rarely found. The overall soot aggregate size is 
also larger for more advanced injection timing. This 
suggests that the soot aggregation was more significant for 
more advanced injection due to accelerated soot evolution 
at higher in-cylinder pressure/temperature.  

Figure 5 (left) shows four example high-resolution TEM 
images of soot primary particles sampled at location A and 
B under the variation in injection timing. On the right, the 
probability density function (pdf) distributions of carbon-
layer fringe length are plotted with annotations of the mean 
value and error range for the fringe length and tortuosity. 
Inspecting the raw high-resolution TEM images confirms 
that soot particles experienced significant oxidation at the 
downstream location, as the amorphous internal structure of 
the soot primary particles found at location A transformed 
into a core-shell structure at location B. This trend was 
observed for both injection timings. In addition, from the 
pdf plot shown at the right, the fringe length and tortuosity 
of the 16°CA bTDC injection are comparable to that of the 
13°CA bTDC injection at location A, which is consistent 
with similar soot aggregate morphology at the early 
formation stage.  

However, at location B, the result shows longer fringe 
length for more advanced injection timing. This means 
more mature soot that went through significant formation 
and oxidation reactions. In other words, the higher in-
cylinder pressure/temperature enhanced soot processes (e.g. 
the formation and oxidation) and thus when they were 
sampled, the soot particles were at a later stage of soot 
formation/oxidation for more advanced injection timing.      

 

4. Conclusions 
The in-cylinder soot processes associated with injection 

timing variation have been investigated in a small-bore 
optical diesel engine through thermophoresis-based particle 
sampling and subsequent statistical analysis of particle 
structure at two different in-bowl locations. The result 
shows advanced injection timing leads to overall larger and 
more stretched soot formation due to enhanced particle-to-
particle aggregation occurred at higher in-cylinder 
pressure/temperature conditions. These soot particles 
underwent more significant formation and oxidation 
reactions for more advanced injection timing due to higher 
in-cylinder pressure/temperature as evidenced by longer 
carbon-layer fringe length. 
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Abstract 

Simultaneous in-flame and exhaust soot particle sampling experiments were conducted to investigate the soot formation and 

oxidation process in a spark ignition direct injection (SIDI) engine. Sampled soot particles were imaged through transmission 

electron microscope (TEM) and processed to extract soot primary particle diameter, radius of gyration of soot aggregates, and 

their fractal dimension. Results show that higher injection pressure resulted in higher amount of in-flame soot particles with 

larger particle size due to increased wall wetting and thereby more intense pool fire. However, the particles sampled from the 

exhaust stream showed significantly lower amount of soot with smaller and more compact particle structures, suggesting that 

enhanced in-cylinder soot oxidation at higher jet momentum conditions outperformed higher soot formation.  

Keywords: Soot particle, SIDI engine, Pool fire. 

 

1. Introduction 

Direct injection technology has been steadily employed in 

gasoline engines due primarily to fuel economy benefits 

[1]. As spark ignition direct injection (SIDI) engines deliver 

fuel directly into the combustion chamber, precise and 

robust fuelling control is realised for various engine load 

and speed conditions, which outperforms port-fuel injection 

(PFI) systems [2]. This contributes to the reduced fuel 

consumption which in turn result in reduced CO2 emissions 

[3]. The charge cooling effect is another significant benefit 

as endothermic fuel vaporisation enables the use of higher 

compression ratios while avoiding premature ignition and 

abnormal combustion, namely, knocking [4]. One major 

drawback of the SIDI engine is increased particulate matter 

(PM) emissions [5], a well-known harmful pollutant that 

damages human respiratory systems [6] and deteriorate the 

air quality [7].  Therefore, particulate emissions are strictly 

regulated for both mass (PM) and number counts (PN) [8], 

which poses a significant technical challenge for 

automakers and engine developers. 

Elevated injection pressure is one of the widely used 

methods to mitigate the particulate emissions in SIDI 

engines. The injection pressure of SIDI engines today is 

already high at 20~25 MPa [9], which could be further 

increased up to 60 MPa [10] for shorter injection duration 

and improved air/fuel mixing and thereby reducing the in-

cylinder formation of soot and other particulates. However, 

some reported an adverse effect of very high injection 

pressure such as increased ultra-fine particulate emission 

and higher PN emission [11]. To achieve significant and 

simultaneous reduction of PM and PN emissions, enhanced 

fundamental understanding is required in terms of their 

original formation within the flame.  

The detailed fundamental behaviour of soot emission could 

be investigated with the thermophoresis-based particle 

sampling and subsequent transmission electron microscope 

(TEM) imaging [12]. Throughout TEM imaging, engine-

out soot particles were found to have fractal-like aggregate 

structures, which comprise many soot primary particles 

[13]. These studies provide valuable information about 

exhaust particle structures; however, the particles are a 

product of complex soot formation and oxidation processes 

occurring inside the cylinder of the engine [14]. Our recent 

study [15] bridged this gap by developing a new soot 

sampling system with four TEM-grid holders being 

installed on the piston top in an optical SIDI engine. 

Together with the visualisation of soot luminosity signals, 

this study found direct correspondence between high pool 

fire and large soot primary particle/aggregate sizes.  

In the present study, this newly developed soot sampling 

system has been applied for various injection pressures at a 

fixed advanced injection timing, which is a problematic 

condition with high soot emission [16]. The simultaneous 

soot sampling experiments were conducted for both in-

flame and exhaust particles. Detailed morphology analysis 

was conducted based on standard TEM images which were 

post-processed to extract key parameters such as soot 

primary particle/aggregate size and fractal dimension. To 

ensure statistically meaningful analysis, over 100 soot 

aggregates and more than 1200 primary particles were 

processed from at least 30 different on-grid locations for 

each sample. 

2. Experiment 

2.1 Engine specifications and operating condition 

The engine and particulate sampling system are illustrated 

in Fig.1 and the specifications of the engine and operating 

conditions are tabulated in Table 1. The sampling 

experiments were carried out in an optical engine based on 

a 0.5-litre single-cylinder engine with double-overhead cam 

(DOHC). The bore/stroke is a square configuration of 86 

mm. The cylinder has a compression ratio of 10.5. A 

conventional 95 RON petrol fuel was supplied to a side-

mounted 6-hole injector (Continental DI XL2) with varied 

injection pressures from 5 to 15 MPa. The amount of fuel 

injected was maintained for stoichiometric condition. The 

fuel injection timing was intentionally selected for a wall-
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wetting condition with an advanced timing of 320 ºCA 

bTDC, which corresponds to high particulate emissions 

conditions. The spark ignition timing was slightly adjusted 

to match the combustion phasing by 1 ºCA for the varied 

injection pressures. In order to keep a consistent in-cylinder 

thermal condition, the coolant water was heated to 90 ºC 

and circulated through the cylinder engine, liner, and 

engine block. The intake air was supplied in the wide-open 

throttle position at 100 kPa absolute pressure (i.e. natural 

aspiration), and the intake air temperature was measured at 

30ºC throughout the experiments. 

 

Figure 1: Illustration of the optical SIDI petrol engine and 

soot sampling system in top (top) and side views (bottom). 

The engine speed was held constant at 1200 RPM using a 

36-kW AC motor and a large flywheel. The engine was 

fired once in every 10th cycle (i.e. 10 skip-firing) to avoid 

thermally over-loaded optical quartz windows, and to 

completely expel the residual gas from a previous cycle 

before the subsequent firing. For each TEM grid, five firing 

cycles were applied to have sufficiently high number of 

particulates while avoiding the over loading of particulate 

on the TEM grid. This was found from the trial-and-error 

based preliminary tests. Then the engine run was repeated 

for the three different injection pressures. The injection and 

spark timing were controlled via a universal timing control 

unit (Zenobalti ZB-9013P) based on the reference signal of 

the crankshaft position produced from a rotary encoder 

(Autonics E40S8). The in-cylinder pressure was recorded 

using a pressure transducer integrated onto the spark plug 

(Optrand C822J6-SP), thus enabling to calculate the 

apparent heat release rate (aHRR). 

2.2 High-speed flame luminosity imaging 

The predominant signal from the natural combustion 

luminosity is released by the radiation of soot particles at 

high temperature [17], which shows the spatial and 

temporal development of the diffusion flames with respect 

to the in-flame sampling probe location. A high frame rate 

of 10 kHz was used to obtain 0.72 °CA frame interval. A 

high-speed CMOS camera (VisionResearch Phantom v7.3) 

equipped with a Nikon Nikkor lens with 200-mm focal 

length were used for bottom-view imaging. The lens 

aperture and exposure time were set as f/8 and 20 µs for 

high image clarity. 

Table 1: Engine specification and operating conditions. 

 

2.3 Soot sampling and image processing 

The particulate sampling probes were located on the 

opposite side of the fuel injector and exhaust port for 

simultaneous in-flame and exhaust soot particle sampling, 

as illustrated in Fig 1. The height of TEM grid for in-flame 

sampling was set at 1 mm above the piston top to allow for 

sufficient exposure of the grid to the flame before it reaches 

the piston surface, thus enhancing in-flame soot sampling 

capability. A 3-mm diameter TEM grid (Emgrid CF400-

Cu) with a standard carbon film supported by copper grids 

was contained in each of the sampling probe tips. The 

temperature gradient between hot flame or exhaust gas and 

cold TEM grid surface would induce the thermophoresis 

and particulates deposition on the carbon film. It is 

expected that the reaction quenching would be immediate 

for the particulates due to high temperature difference, 

which would preserve the original particulate morphology 

[18]. 

The sampled particulates on the TEM grid were imaged 

using a TEM (JEOL 1400) with a point resolution of 0.38 

nm and an accelerating voltage of 100 kV. The TEM 

images were recorded as digitised images via a CCD 

camera with a resolution of 11 mega pixels. Our previous 

study that conducted diesel in-flame soot sampling 

suggested significant variations in soot morphology 

depending on the TEM grid location [19]. Therefore, a total 

of 30 TEM images from various on-grid locations were 
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captured for each sample with 100k magnification. The 

TEM images were post-processed via in-house developed 

Matlab code for particulate morphology data such as soot 

primary particle diameter, radius gyration of particulates, 

and the fractal dimension. Detailed procedures of the 

Matlab-based image processing and determination of each 

morphology parameters can be found in our previous study 

[20]. 

3. Results and Discussions 

3.1 In-cylinder conditions and pool fire 
distribution 

In-cylinder pressure and combustion phasing have been 

matched to investigate the fundamental behavior of soot 

formation and oxidation process at fixed pressure and 

temperature environment while changing injection pressure 

as shown in Fig 2 (top). Despite of the consistent in-

cylinder conditions, the flame luminosity due to pool fire 

shows significant variation with tested injection pressures 

as shown in Fig 2 (bottom). Figure 2 shows that, at higher 

injection pressure, the pool fire becomes more intense and 

covers wider area due to increased fuel spray penetration 

and wall wetting – i.e. higher fuel film formation on the 

piston surface and thereby higher pool fire. 

 
Figure 2: In-cylinder pressure and apparent heat release 

rate of varied injection pressure (top). Pool fire distribution 

at 30 °CA aTDC for the three injection pressures (bottom). 

3.2 TEM images and overall soot amount 

Example TEM images at 30k magnification are selected to 

show overall soot amount sampled for each sampling 

location along the injection pressure as shown in Fig 3. As 

injection pressure was increased, the more and larger soot 

particles were sampled. This is consistent with the 

previously observed more intensive pool fire signals at 

higher injection pressure, which is a well-known source of 

PM/PN emissions of SIDI engines [15]. Interestingly, 

exhaust soot particles show opposite trend to the in-flame 

soot. With the higher injection pressure, less and smaller 

soot particles were sampled. At the lowest injection 

pressure of 5 MPa, stretched and chin-like structure of soot 

aggregates are observed, which is rarely seen for 10 and 15 

MPa conditions. This indicates, despite higher pool fire and 

increased soot formation, the soot oxidation occurring 

inside the cylinder of the engine was more intense at higher 

injection pressure. 

 
Figure 3: Example TEM images at 30k magnification from 

varied injection pressure for in-flame and exhaust soot 

aggregates. The scale bar of 500-nm are shown on the left-

bottom corner for each image. 

3.3 Microstructure variation between in-flame and 
exhaust soot particles. 

To discuss further details of soot morphology change from 

in-flame to exhaust, soot primary particle diameter and 

radius of gyration of aggregates, as well as fractal 

dimension of each sampled soot particle have been 

processed with TEM images of 100k magnification, and the 

mean values of soot particle size and fractal dimension are 

shown in Fig 4. In-flame soot primary particle diameter and 

radius of gyration of aggregates show monotonic increasing 

trends as injection pressure increases. For the soot particles 

with 15 MPa injection pressure, the mean primary particle 

diameter and radius of gyration of aggregates are larger 

than those of 5 MPa case by 26.3% and 86.7%, 

respectively. This means that high injection pressure caused 

significant soot surface growth and agglomeration 

environment due to higher wall wetting and larger pool fire 

during the soot formation process. However, when the size 

variation between in-flame and exhaust particles is looked 

at, both soot primary particles and aggregates become 

smaller at higher injection pressure of 15 MPa. By contrast, 

at low injection pressure  of 5 MPa, they show an 

increasing trend. The observed trends suggest the in-flame 

soot particles experienced more significant soot oxidation at 
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higher injection pressure. The higher in-cylinder soot 

oxidation was expected, and it was central to the 

development of higher pressure injection systems, as the 

enhanced injection momentum would enhance in-cylinder 

flow and turbulence. Despite higher wall wetting and 

increased soot formation, the accelerated soot oxidation 

resulted in reduced soot particles in the exhaust stream at 

higher injection pressure. The enhanced soot oxidation at 

higher injection pressure was also evident in the structural 

change from in-flame to exhaust, showing higher fractal 

dimension of exhaust soot particles at higher injection 

pressure.  

 

Figure 4: Mean value variations of soot primary particle 

dimeter (top), radius of gyration of aggregate (middle), and 

calculated fractal dimension (bottom) along the injection 

pressure for in-flame and exhaust soot particles. 95% 

confidence intervals are annotated for each mean value. 

 

4. Conclusions 

Detailed soot morphology has been investigated with TEM 

images of soot particles sampled at in-flame and exhaust 

locations. The sampling experiment has been conducted 

with varied injection pressures from 5 to 15 MPa at fixed 

advanced injection timing to observe the soot morphology 

change from in-flame to exhaust. Combustion phasing has 

been matched by adjusting spark timing depending on the 

injection pressure for constant in-cylinder temperature and 

pressure conditions. Then, in-cylinder pool fire has been 

captured with high-speed imaging. The key findings of the 

present study are summarised as follow; 

• Wider and stronger pool fire is formed with higher 

injection pressure due to the increased fuel wetting from 

the combination of longer fuel spray penetration, 

supplying significant amount of fuel when the piston is 

close to the injector. 

• TEM images show higher number counts as well as 

larger size of soot aggregate with higher injection 

pressure for in-flame soot particle, consistent with more 

intensive pool fire. However, the sampled soot particles 

from the exhaust stream are lower and show smaller 

sizes. 

• Mean primary particle and radius of gyration for in-

flame soot particles show a monotonic increasing trend 

as injection pressure increases, indicating high injection 

pressure provided significant in-flame soot formation 

environment. 

• Despite higher soot formation at higher injection 

pressure, the enhanced soot oxidation leads to reduced 

soot size and compact structure, which explains overall 

lower amount of soot in the exhaust. 
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Abstract 
The present study shows temporal and spatial development of formaldehyde and hydroxyl radicals during the ignition event 

and how it is impacted by fuel reactivity in a small-bore diesel engine. Planar laser induced fluorescence imaging of fuel (fuel-

PLIF), formaldehyde (HCHO-PLIF), and hydroxyl radical (OH-PLIF) have been performed for two different fuels with cetane 

number of 30 and 40 (CN30 and CN40) at fixed input energy and combustion phasing conditions. The fuel-PLIF images 

indicate that CN30 fuel is better mixed with air than CN40, which is consistent with longer ignition delay period measured 

from the in-cylinder pressure. Despite lower premixing, CN40 shows higher peaks of apparent heat release rate and in-cylinder 

pressure than CN30 during the premixed burn phase of the combustion. The combined HCHO-PLIF and OH-PLIF images 

exhibit that CN40 produced larger amount of HCHO, which was consumed faster to produce OH. This demonstrates a case 

that higher fuel reactivity could outperform lower charge premixing in determining the intensity of combustion during the 

premixed burn phase. 

Keywords: Fuel reactivity, Formaldehyde, Compression ignition, Diesel engine. 

1. Introduction 

In a diesel engine, operating conditions set for long ignition 

delay time are used to increase charge premixing, which is 

known to increase engine efficiency and reduce soot 

formation [1]. This advantage has been utilised in a wide 

variety of advanced combustion regimes realising 

compression ignition of fully or partially premixed charge 

[2,3]. In these premixed charge compression ignition (CI) 

engines, the measured in-cylinder pressure and calculated 

apparent heat release rate (aHRR) profile show a small 

bump prior to the steep increase. This indicates the low-

temperature reaction period during which hydrogen 

peroxide (H2O2) formation occurs before they decompose 

or react with formaldehyde (HCHO) before hydroxyl (OH) 

radical formation occurs during high-temperature reaction 

[4]. As HCHO persists longer in fuel-lean mixtures, the 

length of this persistency could imply charge premixing 

level [4,5]. The HCHO and OH distribution has been 

extensively studied in premixed charge CI engines [6] from 

which HCHO was found to fill the cylinder before OH 

radicals emerge near the piston-bowl wall first and then 

spread across the combustion chamber while replacing the 

HCHO. 

The present study analyses HCHO and OH distribution in 

an optically-accessible compression-ignition engine similar 

to the previous studies but for two different fuels with 

cetane number of 30 and 40. Together with fuel-PLIF, the 

HCHO-PLIF and OH-PLIF images are for the first time 

used in diesel engine to discuss how charge premixing level 

and fuel reactivity impact ignition process and resulting in-

cylinder pressure and aHRR. 

2. Experiment 

2.1 Engine specification and operating conditions 
The schematic of the optical engine is illustrated in Fig. 1 

and the selected engine operating conditions are 

summarised in Table 1. The single-cylinder engine used for 

planar laser-induced fluorescence imaging has the bore and 

stroke of 83 mm and 92 mm, respectively with a 

displacement volume of 497.5 cm
3
. The combustion 

chamber has a geometric compression ratio of 17.7, beneath 

which the extended piston allows the space for a 45˚ reflex 

mirror. This mirror bridges the optical path from the quartz 

 

Figure 1: Illustration of the diesel engine and PLIF 

imaging setup in the bottom-view (top) and side-view 

(bottom) orientations 
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window on the piston top to the ICCD camera so that laser-

induced fluorescence signals inside the combustion 

chamber can be captured. For laser excitation, the beam 

was converted into a 0.3-mm thick sheet and inserted 

through the quartz liner window and piston-bowl rim 

window at 10 mm below the cylinder head. The sheet 

making optics was selected to cover the entire field of view 

within the piston bowl.  

To mimic a warmed-up engine condition, water heated to 

90˚C was circulated though the engine head, cylinder liner, 

and engine block. The tested fuels were directly injected at 

a fixed injection pressure of 50 MPa into engine cylinder 

using a common-rail injector (Bosch CP3) with the timings 

and durations managed in a universal control system 

(Zenobalti ZB-9013P). The injector nozzle has seven 

evenly spaced holes with nominal hole diameter of 134 µm 

and included angle of 150˚. As listed in Table 1, two fuels 

with different cetane numbers were used in this study. 

These custom-made fuels were kerosene-based, achieving 

almost identical physical properties but cetane numbers 

(CN30 and CN40). This was made possible by slightly 

increasing olefins and reducing saturates for the higher 

cetane number fuel, while detailed analysis regarding what 

the cetane number is achieved upon is out the scope of this 

study. The total energy input was held constant at 391 Joule 

per injection, equivalent to 9-mg injection mass. The 

injection timing was more advanced for CN30 to match the 

start of combustion, which was required to isolate the fuel 

effect from in-cylinder gas temperature/pressure effects. 

The engine was running under 10 skip-firing mode (i.e. 

injection once every 10th motoring cycles) at a fixed speed 

of 1200 rpm. The in-cylinder pressure of the fired cycles 

was recorded using a pressure transducer (Kistler 6056A) 

and processed for the apparent heat release rate (aHRR) 

profile. 

2.2 Planar laser-induced fluorescence imaging 
The HCHO was excited using the third harmonic of an Nd: 

YAG laser (SpectraPhysics Quanta-Ray Pro-230) at a 

wavelength of 355 nm [7]. The laser was operated at 10 Hz 

with a beam energy of 160 mJ/pulse. The HCHO-PLIF 

signals in a wavelength range of 380~450 nm [7] were 

isolated using a set of 385-nm long-pass filter, 430-nm 

band-pass (10-nm FWHM) filter, and 450-nm short-pass 

filter placed in front of the ICCD camera (Lavision 

Nanostar). The Nd:YAG laser at 532 nm was also used to 

pump the Rhodamine-6G filled dye laser (Sirah 

CobraStretch) for 284-nm excitation of OH radicals at 25 

mJ/pulse. The excited OH radicals released fluorescence 

signals in 308~320 nm while returning to the ground state. 

Therefore, a 300-nm band pass filter (40-nm FWHM) 

together with two 305-nm long-pass filters was used to 

capture the OH-PLIF images. Because of the high 

sensitivity of OH to the excitation wavelength, OH-sourced 

LIF signals are known to decline sharply with the 

significant interference from fuel fluorescence with only 

0.1-nm decrease in the laser wavelength from the 284-nm 

beam [8]. This characteristic was utilised to visualise the 

fuel distribution using the same filter pack as OH-PLIF 

imaging. That is, at each crank angle, OH-PLIF imaging 

was repeated for turned on (284 nm) and off (283.9 nm) 

conditions with the latter being interpreted as fuel-PLIF if, 

at a selected crank angle, the online and offline images 

were almost identical due to lack of OH-PLIF. Similarly, 

when the online OH-PLIF images are significantly different 

to the offline OH-PLIF during the main combustion event, 

the online OH-PLIF images were considered as OH images. 

In present study, the images are selected to represent certain 

timings using a cross-correlation approach that is justified 

in our previous work [8].       

3. Results and discussion 

3.1 In-cylinder pressure and aHRR 
The black lines shown in Fig. 2 are the ensemble-averaged 

in-cylinder pressure traces of the 20 firing cycles in each 

engine run, which was repeated for the two fuels. The trend 

is clear that the traces are divided into two groups for each 

fuel with their differences well exceeding the cyclic 

variations. It was confirmed that the PLIF imaging was 

performed at highly consistent combustion conditions for 

each fuel. As mentioned previously, the fuel injection 

timing was adjusted to fix the start of combustion at 4 CA 

aTDC for both fuels, which is clearly shown in the in-

cylinder pressure and aHRR traces. Right before the start of 

combustion, a small bump is shown in the aHRR trace, 

indicating the low-temperature reaction. This small peak in 

aHRR is more distinctive for CN30 due to longer ignition 

delay time, and it occurs earlier than that of CN40 due to 

earlier start of injection. 

It is noticeable from the in-cylinder pressure and aHRR 

traces that the high-temperature reaction was more intense 

for CN40 than that of CN30. The peak aHRR for CN40 is 

about 50% higher and the peak pressure was measured 

about 10% higher. This was not expected as the longer 

ignition delay would cause higher premixing, which would 

lead to higher peak aHRR during the premixed burn phase. 

The results suggest the level of charge premixing is not the 

only player in determining the intensity of high-temperature 

reaction. Since CN40 was made to include more olefins and 

less saturates, the reactivity of fuel would be higher than 

that of CN30. Although the lower heating value was almost 

identical between the two fuels, the higher fuel reactivity of 

CN40 might cause faster high-temperature reaction, which 

Table 1: Engine specification and operating conditions 

Displacement volume [mm3] 498 

Bore/stroke [mm] 83/92 

Compression ratio 17.7 

Engine speed [rpm] 1200 

Intake air temperature [°C] 27 

Coolant temperature [°C] 90 

Common-rail pressure [MPa] 50 

Fuel CN30 CN40 

Cetane number  30 40 

Fuel density at 15°C [kg/m3] 785 796 

Lower heating value [MJ/kg] 43.6 43.4 

Kinematic viscosity at 40°C [mm2/s]  4.01 4.8 

Injection timing [CAD bTDC] 12 10 

Injection signal duration [ms] 0.635 0.630 

Olefin [Vol%] 0.7 2.8 

Saturates [Vol%] 88.8 85.6 

Injected fuel mass [mg/cycle] 9 

Total energy input [J/injection] ~391 
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could increase the aHRR and in turn in-cylinder pressure 

rise. Therefore, the fuel reactivity determined by its 

molecular structure should be considered for discussion.  

 

3.2 Fuel-, HCHO- and OH-PLIF images  
Figure 3 shows fuel-PLIF images for various crank angles. 

It was noted that only the left half of the piston-bowl is 

shown due to beam attenuation issues. Despite this 

limitation, the fuel-PLIF signal distribution provides useful 

information. For example, the signals indicate that the jet-

wall impingement that occurred 2 CA earlier for CN30 due 

to earlier injection. The CN30 presents overall lower fuel-

PLIF signals than CN40, suggesting less fuel-rich mixtures. 

By contrast, CN40 exhibits larger fuel-PLIF coverage with 

less uniform distribution of signals. Therefore, it was 

thought that CN30 was better mixed with air during the 

extended ignition delay time and thus resulted in more 

uniform fuel-PLIF signals. 

Figure 4 shows temporal and spatial development of 

HCHO-PLIF signals for both fuels. Consistent with the 

aHRR traces, the HCHO-PLIF images indicate earlier start 

of low-temperature reaction for CN30 by about 2 CA. Also, 

the HCHO signals last longer for CN30 with higher 

persistence prior to the second-stage ignition, indicating 

higher charge premixing [4]. Figure 4 shows that the 

maximum coverage of HCHO-PLIF signals are observed at 

4-5 CA aTDC, which appears similar between the two 

fuels. However, the signal intensity is relatively higher for 

CN40. Since the time for pre-combustion mixing was 

longer for CN30, the formation of HCHO should have been 

higher, not lower, if the charge premixing was a dominant 

factor.  

From Fig. 4, it was observed that the HCHO-PLIF signals 

start to decline from 6 CA aTDC for both fuels. This 

decrease occurs faster for CN40 with the HCHO-PLIF 

signals disappearing significantly by 8 CA aTDC, about 2 

CA earlier than CN30. It is known that the consumption of 

HCHO indicates the reaction with H2O2 to produce OH or 

OH-induced oxidation during the transition of low-

temperature reaction to high-temperature reaction [4]. 

Therefore, the faster disappearance of HCHO-PLIF for 

CN40 would mean faster development of high-temperature 

reaction during the ignition simply due to higher fuel 

reactivity. 

Indeed, the overlaid images of OH- and HCHO-PLIF in 

Fig. 5 suggest a faster transition of low-temperature 

reaction to high-temperature reaction. From the start of 

combustion, the OH signals replace HCHO near the piston- 

bowl wall and then spread throughout the entire region that 

originally occupied by HCHO. This occurs faster for CN40 

with all the HCHO being consumed in just 4 CA whereas it 

took 7 CA for CN30. This result confirmed that the 

transition from low- to high-temperature reaction was 

accelerated for CN40 due to higher fuel reactivity. For a 

given fuel, the peak in-cylinder pressure and aHRR during 

the premixing burn phase of combustion would be higher if 

the charge premixing was enhanced due to earlier injection 

timing. However, despite higher charge premixing observed 

for CN30, it was the fuel reactivity to make a predominant 

effect in accelerating the high-temperature reaction of 

CN40, and therefore the peak in-cylinder pressure and 

aHRR were measured higher. 

4. Conclusion 

The present study unveils the effect of fuel reactivity and 

charge premixing on the development of low-temperature 

and high-temperature reaction by testing two cetane number 

fuels of CN30 and CN40 in a diesel engine. The in-cylinder 

pressure and aHRR shows higher peaks for CN40 than 

those of CN30. The HCHO-PLIF images show that low-

temperature reaction occurred earlier for CN30 and the 

signals persisted longer prior to the high-temperature 

reaction, indicating higher premixing. However, larger 

amount of HCHO was produced in a shorter period of time 

for CN40. Moreover, the consumption of HCHO to produce 

OH was faster for CN40, indicating accelerated transition 

from low-temperature reaction to high-temperature 

reaction. Therefore, between the tested fuels of the present 

study, it was higher cetane number fuel with higher fuel 

reactivity to cause higher peak in-cylinder pressure and 

aHRR despite lower charge premixing. 

 

 
Figure 2: In-cylinder pressure and apparent heat release 

rate traces 
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Figure 3: Fuel-PLIF images for CN30 (top row) and CN40 (bottom row). 

 
Figure 4: HCHO-PLIF images for CN30 (top row) and CN40 (bottom row). 

 
Figure 5: Overlaid HCHO- and OH-PLIF images for CN30 (top row) and CN40 (bottom row). 
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Abstract 

One-step chemical mechanisms have played a prominent role in engineering, providing reduced order schemes 

for reacting flow simulations. In the past, these schemes have been applied to large eddy simulations (LES) and 

direct numerical simulations (DNS), thereby reducing the numerical computing requirements. Furthermore, 

applications of chemical one-step schemes have allowed fast initial sizing of combustors and an array of other 

components. The primary motivation in this study is to produce one-step schemes for high temperature 

applications, specifically air-breathing propulsion, by investigating the fitting of one-step reactions to fuels such 

as propane. The body of work fits global rates against detailed chemical mechanisms for propane. The kinetic 

parameters are optimized using a Nelder-Mead routine; in addition, a function for the temperature dependence is 

found using a polynomial surface fit to the optimized coefficients. These parameters in the kinetic equation are 

optimized across pressures of 0.5 to 1atm, and temperatures of 1000 to 1600K. The outcome yields one-step 

global schemes for propane and show good adherence to the full-detailed model in a perfectly stirred reactor. 
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 Fuel consumption rate 

    

   
 

   

  
 Oxidizer consumption rate 

    

   
 

[ ] Fuel concentration 
    

   

[  ] Oxidizer concentration 
    

  
 

  Temperature in K 

P Pressure in atm 

   
Specific heat at  constant pressure 

 

      
 

   Universal gas constant 
 

      
 

  Temperature dependent 

  Activation energy  
 

    
 

  Pseudo-Vandermonde matrix 

         Fitting coefficients 

         Thermodynamic polynomials 

   Heat of combustion 
 

    
 

    Air fuel ratio 

Subscript  

Prod Products 

Ox Oxidizer 

r Reactors 

o Initial conditions 

s Stoichiometric 

Superscript  

x Fuel exponent factor 

y Oxidizer exponent factor 
 

 

 

 

1. Introduction 

One-step chemical reactions often lump a variety of 

chemical observations into a single equation 

involving fuel consumption. Unlike using a number 

of elementary reactions to represent the chemistry, 

a one-step scheme can substantially reduce the 

numerical cost via this simplification. This 

however can reduce the accuracy of the 

mechanism, and therefore benefits applications 

where the numerical demand outweighs the 

required accuracies.  

 

This approach dates back to the foundational 

research conducted by Westbrook and Dryer [1] in 

the early 1980s. The author published global 

chemical kinetic reactions for a number of fuels on 

an Arrhenius based equation, including propane 

and a variety of larger hydrocarbon sources. 

Developments in one-step chemical schemes were 

also explored by Fernández-Galisteo et al. [2] in 

2009. Their work investigated a one-step chemical 

scheme for hydrogen combustion and showed close 

approximation for lean fuel mixtures. More 

recently, Franzelli et al. [3] produced a two-step 

kinetic scheme for kerosene and validated the 

experiment against detailed baseline mechanisms.   

Although numerical computing power has 

dramatically increased over the past few decades, 

the increasing complexity of computational fluid 

dynamic solvers continues to drive numerically 

simplistic chemical schemes. 

 

Large eddy simulation (LES) and direct numerical 

simulation (DNS) are far numerically demanding 

than other methods such as Reynolds averaged 

Navier-Stokes (RANS). That said, methods such as 
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LES and DNS are increasingly popular in use, 

however in most cases the simulations are done 

with non-reacting gases; pre, or post combusted gas 

mixtures as mentioned by Moureau [4]. The added 

complexity of the methods implies a far greater 

numerical burden and the inability to process large 

chemical mechanisms. As such, providing simple 

mechanisms for the application of LES and DNS in 

reacting flows is still a key concern. Thus the 

continued life span of one-step chemical kinetic 

mechanisms are here to stay, providing simplified 

chemical mechanisms for small and large fuels 

continues to be a necessity for advanced 

computational fluid dynamic (CFD) practices. 

Whether the application is for fast one-dimensional 

codes, validation studies, or an applied engineering 

system, the use of such schemes continues to be of 

interest. 

 

The method utilized for this paper involves 

modified global chemical reactions based on 

previous works [1,5], with complex polynomial 

fitting of temperature dependents in order to adjust 

pyrolysis rates. The work has similarities to the 

approach conducted by Naik et al. [6], in the use of 

chebyshev polynomials to fit kinetic rates on 

temperature and pressure from a mathematical 

approach. In this case, temperature dependent 

values are found initially through optimization for 

each reactor simulation of interest through a 

Nelder-Mead scheme in Scipy [7,8,9]. The 

dependent values then form the inputs for the three-

dimensional polynomial function fitting which 

thereby couples with the one-step chemical reaction 

rate. This procedure is carried out for propane, and 

the results are subsequently compared against a 

detailed kinetic model [10] in CANTERA [11]. 

 

2. Method 

The reactor model is based on the equations given 

in Turns [5], where the fuel reaction rate is 

presented by Eq. (1). Production of product species 

and consumption of oxidizer species are related to 

the primary fuel reaction rate by Eq. (2) and Eq. 

(3).  
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The coefficients for n are calculated in two stages. 

First, the one-step reaction is run in a zero 

dimensional perfectly stirred reactor and compared 

to a full detailed kinetic mechanism in a similar 

reactor scheme using Cantera [11]. The factor n is 

optimized such that the temperature profile for the 

one-step scheme replicates the profile of the full-

mechanism via the use of a Nelder-Mead 

optimization routine from Scipy [7,8,9]. The 

routine minimizes exclusively the area between the 

two temperature profiles by modifying n,  

producing a number of optimum n values as 

defined by a relative convergence error of        

for the routine operation.  

 

The value n is calculated for initial reactor 

conditions from 1000 to 1600K and for 0.5atm to 

3atm, covering reactor conditions relevant to 

combustion in air-breathing propulsion. Following 

which, a pseudo-vandermonde matrix is formed 

using the Scipy polyvander2d function [7,8,9]. The 

matrix is formed by sampling points for the reactor 

conditions as shown by Eq.(5) and (6), culminating 

in the pseudo-vandermonde matrix in Eq.(7). 
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The pseudo-vandermonde matrix once formed is 

solved [12,13] via the least squares method. This 

produces the coefficients for the equation that 

describes the optimum n for a given initial 

temperature and pressure in the form of Eq. (4). 

 

The thermodynamic properties of the gas species 

use NASA7 polynomial scheme as described by 

Eq. (8). The thermodynamic data for the chemical 

species are taken from baseline mechanisms of Qin 

et al. [10]. This is sufficient to calculate the case for 

a zero dimensional perfectly stirred reactor. 

 
  

  

           
     

     
      

 

Calculating the specific heat of the mixture is done 

via the set of Eqs. (9-13). The specific heat of the 

mixture is calculated as a summation of specific 

heats of fuel, oxidizer and products. The ratios of 

produced and consumed species are assumed to be 

consistent with a stoichiometric reaction of the 

particular fuel. The heat of combustion,    for 

propane is taken to be         

    
. In addition, 

the pressure of the mixture is calculated via the Eq. 

(12). 
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This formulation of a one-step scheme assumes a 

specific ratio of produced products, in addition to a 

specific ratio of consume reactants. This 

significantly reduces the complexity of the system 

but can increases errors by assuming the species 

fraction of chemical products are conserved at all 

temperatures. In applying this method, 

consideration has been made to the rate equations 

supported by most computational fluid dynamic 

software packages. In providing a reaction rate with 

the Arrhenius form in the one-step scheme, an 

attempt is made to provide a readily convertible 

solution to a CFD software package.  
 

3. Result 

Following the methods discussed in the previous 

section, one-step global kinetic equations for fuel 

decomposition for propane are shown by Eq. (15). 

The factor n is approximated by a polynomial 

equation to form a portion of the kinetic rates. 

Using these calculated functions and running the 

simulations versus CANTERA and the full-

baseline chemical kinetic mechanisms, the ignition 

profile within a perfectly stirred reactor can be 

examined. In which ignition is defined as the 

maximum gradient of temperature rise. Figure 1 

shows the temperature profile of the one-step 

model, the behavior observed mirrors the 

temperature profile of the full detailed kinetic 

mechanism to a degree. If we examine Fig. 2, we 

can see the ignition trends between the one-step 

and full detailed mechanism are consistent across a 

larger array of environmental variables. The 

deviations are more pronounced at higher 

temperatures and lower pressures.  
 

Propane: 
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Fig 1: Temperature profile of the propane one-step 

model versus the detailed model in a perfectly 

stirred reactor at an initial starting temperature of 

1300K. 
 

 

 
 

Fig 2: Propane ignition delay time for the detailed 

mechanism and one-step scheme.  

 

For comparative purposes if we hold the 

temperature dependent value fixed and run the 

simulations for ignition delay time, we can see a 

large deviation as depicted in Fig. 3. The constant 

temperature dependent profile uses a value which is 

optimized for 1200K and 0.5 atm. The profile is 

capable of capturing the ignition delay time at 

1200K but fails to capture any other ignition delay 

time, either lower or higher in temperature. This is 

borne out by the fact that the one-step scheme is a 

significant simplification of the detailed chemical 

kinetics, thereby requiring some form of correction 

in the rate.  
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Fig 3:Propane ignition delay time for the detailed 

mechanism, one-step scheme and a fixed n 

exponent one-step scheme.  

 
Now if we take one step outside of the zero-

dimensional domain, in which the ignition delay 

times are calculated. We can examine one-

dimensional models such as a premixed flame. To 

achieve this, thermodynamic data of the product 

species were blended and fitted together using the 

NASA7 polynomial form and transport properties 

were adopted from the GRI mechanism [14]. Using 

Cantera’s one-dimensional features, we are able to 

examine the average burning velocity for a 

premixed propane flame. Figure 4 shows a 

comparison between the flame speed of the detailed 

and one-step scheme, at pressures of 1atm and 

300K. What should be evident is that the one-step 

formulation is lacking proper refinement to one-

dimensional flow.  

 
Fig 4:Premixed propane flame speed of of the one-

step-scheme, compared to a GRI mechanism [14]. 

 
4. Conclusion 

The method of approximating one-step chemical 

schemes appears to work well at predicting ignition 

time for hydrocarbon fuels under certain 

circumstances; the method of polynomial three-

dimensional fitting can be used to provide complex 

approximations to multidimensional chemical 

functions.  In the application of the one-step 

scheme for a one-dimensional flame, significant 

deviations are observed. This error can be 

attributed to the lumping of thermodynamic and 

transport properties. Thus further work needs to be 

done on one-dimensional calibration of the model. 
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Abstract 

Butanol is widely investigated as a renewable biofuel additive in Compression-Ignition (CI) engines due to its ability to 
improve diesel fuel properties and reduce emission levels. Because Acetone-butanol-ethanol (ABE) and butanol-acetone (BA) 
are intermediate mixtures in bio-butanol production, they present cost benefits compared to butanol production by reducing 
energy consumption and the number of recovery processes. This paper evaluates and compares the effect of using butanol (B), 
BA and ABE additives with diesel (D) on macroscopic spray characteristics. Spray tests were carried out in a constant volume 
vessel (CVV) under different injection conditions. A high-speed camera was used to record spray images. Macroscopic spray 
characteristics including spray penetration, spray cone angle and spray volume were measured. The experimental results 
showed that spray penetration (S) was increased as a result of addition of all alcohols to diesel fuel as well as of increased 
injection pressure; spray cone angle () was slightly widened while it was slightly narrowed as a consequence of increase fuel 
injection. The spray volume of the alcohol-diesel blends showed a higher value compared to that of neat diesel due to high 
spray penetration length. Spray penetration and spray volume of BA-diesel blend were higher compared to ABE-diesel and B-
diesel blends.  

Butanol-acetone mixture; Acetone-Butanol-Ethanol mixture; spray visualization.  
 
1. Introduction 

The pollution emitted from diesel engines such as carbon 
monoxide and nitric oxide causes serious health risks to 
human beings. Reducing carbon emissions have become a 
necessary goal to reduce global warming [1, 2, 3]. 
Optimising the combustion process in internal combustion 
engine is necessary to reduce both the fuel consumption and 
the pollutant emission levels. Compression ignition (CI) 
engines’ performance and emissions are highly impacted by 
fuel spray techniques [4, 5]. Hence, it is important to 
understand the spray behaviour and atomisation 
characteristics of these fuels as individuals and mixtures 
especially when using these fuels directly in non-modified 
or slightly modified diesel engines [6, 7]. One way to 
reduce the reliance on fossil fuel is to blend it with 
additives. Butanol is a potential renewable resource of 
alcohol which can be blended with diesel. Butanol has 
some advantages compared to ethanol, such as being stable 
with diesel at any ratio without any phase separation. being 
less corrosive, having a higher flash point which means it is 
a safer option for storage and distribution, having a higher 
energy content and lower vapour pressure and high burning 
velocity which reduces emissions (such as soot, smoke, 
NOx and CO) [8]. However, the cost of butanol production 
is the major issue of limiting its use as a fuel in internal 
combustion (IC) engines. It is preferable to use ABE or BA 
as a mixture because butanol is the most abundant 
component in the ABE and BA mixture and the purification 
cost would be minimised as a consequence of reduce 
energy consumption and recovery processes[1].  
Algayyim et al. [3] studied the macroscopic spray 
characteristics of butanol-acetone mixture (BA) as additive 
for diesel fuel under two injection pressures 300 bar and 
500 bar. Two butanol types (normal butanol and iso-
butanol: iso-BA and n-BA) were investigated as 

components in a BA mixture. The experimental result 
showed that all BA mixture enhanced spray penetration. 
Spray penetration of n-BA-diesel was slightly higher than 
that of iso-BA-diesel blend. Therefore, an ABE or BA 
mixture can enhance the evaporation rate which improves 
the combustion rate. Liu et al. [9] used an optical CVV to 
compare the effects of ethanol and butanol as separate 
additives in biodiesel fuel on the spray and, combustion 
characteristics. The experimental results showed that 
ethanol and butanol blend can enhance spray and 
combustion characteristics of biodiesel. Wu et al. [10] 
examined the effect of butanol and ABE on spray behaviour 
under different temperatures and oxygen content in a CVV. 
The images of the experimental results showed that liquid 
penetration with n-butanol or ABE is much shorter than 
diesel under all tested conditions. Almost all the physical 
properties change with temperature: an increase in ambient 
temperature causes viscosity and surface tension to 
decrease and vapour pressure to increase; these changes 
significantly accelerate the atomisation and evaporation of 
the liquid spray. 
A study by Chen et al. [11] investigated the spray and 
atomisation characteristics for commercial diesel fuel, 
biodiesel (FAME) derived from waste cooking oil (B100), 
and 20% biodiesel blended with diesel (B20). The 
experimental work was conducted at room temperature and 
pressure via a common-rail high-pressure fuel injection 
system with a single-hole nozzle for different injection 
pressures (300, 500, 800 and 1000 bar). The experimental 
results showed that biodiesel had different structures 
compared with conventional diesel fuel. Spray tip 
penetration was longer and droplet diameters were larger of 
pure biodiesel (B100). 
Spray visualization of three fuel additives—butanol (B), 
BA and ABE has been investigated to determine the best 
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type of alcohol blend to be used as an additive to 
conventional diesel. 

2. Experimental apparatus 

2.1 Fuel preparation and properties. 

Analytical grade acetone (99.5% purity), normal butanol 
(99.5%) and ethanol (99.8%), supplied from Chem Supply 
Australia, were used. In this study, n-butanol (B) was the 
only butanol isomer used. In line with the intermediate 
products when producing B by fermentation, the volumetric 
ratio of acetone, butanol and ethanol was 3:6:1 in ABE and 
the volumetric ratio of butanol and acetone was 2.9:1 in 
BA. All alcohol blends were mixed together using splash 
blending at 4,000 rpm to simulate the composition of the 
above-mentioned ABE and BA fermentation products. 
Conventional diesel fuel supplied from a local petrol station 
in Toowoomba was used as the baseline fuel in this study. 
B, BA and ABE mixtures were blended with diesel by 10% 
volume and denoted 10B90D, 10BA90D and 10ABE90D, 
respectively. The miscibility and stability of B, BA and 
ABE-diesel blends were monitored over a three-month 
period before the tests were carried out on the engine. The 
samples were stored in glass bottles and visually observed 
every 30 days, with all blends maintaining a good 
homogeneous mixture. The density was measured for all 
fuel blends according to ASTM 1298. The dynamic 
viscosities of the test fuel were measured according to the 
ASTM 445-01 fuel standards by using a Brookfield DV-
II+Viscometer, then the kinematic viscosity was calculated. 
The heating values of the blends were measured using a 
Digital Oxygen Bomb Calorimeter (XRY-1A) following 
ASTM D240. Each test was carried out in triplicate. The 
properties of diesel, acetone, butanol, ethanol and measured 
properties of fuel blends are listed in Table 1. 

Table 1. Measured properties of fuel blends. 
Blend Density @ 

20C 
 (g/L)  

Viscosity @ 
40C (mm2/s)  

 

Heating value 
(MJ/kg) 

 
Diesel 0.86 2.46 42.6 
ABE 0.80 1 31.4 
BA 0.79 1.03 32.2 
10B90D 0.83 2.13 41.8 
10ABE90D 0.83 2.21 41.4 
10BA90D 0.82 2 41.3 

2.2 Spray test setup 

The experiment of spray test was conducted at atmospheric 
condition and consisted of: (1) A constant volume vessel 
(CVV), (2) a high pressure injection common rail system 
with Bosch electromagnetic (solenoid type injector was 
used due to this injector type widely used in diesel engines) 
and (3) visual data acquisition system. The spray images 
were captured using a Photron SA3 high speed camera. The 
CVV was illuminating using an LED light. Figure 1 shows 
experimental setup of spray system. The Injector 
specification, Camera specification and injection setup are 
listed in Figure 1. The Spray experiments followed three 
steps to ensure accurate results: (1) the fuel injection system 
(fuel tank, common rail and fuel line fittings) was emptied, 
cleaned and dried by an air compressor for each new blend 

test. (2) The fuel filter of each test was removed and 
replaced with a new one. After ensuring all the injection 
systems were cleaned and emptied, the spray testing started 
with a number of initial injections before the new images 
captured. (3) The spray test was repeated three times. The 
final spray characteristics were calculated by averaging the 
6 plumes from the injector from all tests. Lights were 
installed on three of the windows and a high-speed camera 
on the fourth window for the purpose of spray visualisation. 
The inside of the vessel was painted black to ensure a good 
background for the images and to increase the images' 
contrast and enhance the visibility of the spray. The injector 
was mounted horizontally in the vessel so that all the spray 
axes are visualised through the front window. The 
definition of spray tip penetration is the distance between 
the nozzle tip and the maximum outer point of each spray. 
The spray cone angle is the angle between two straight lines 
from the nozzle tip and the outer contour of the injected 
spray. The images were processed in three steps before 
quantifying the spray characteristics: (1) Images were read 
into MATLAB, then the recorded images were converted 
into binary images (2) An automatic threshold calculation 
algorithm was employed to determine the spray outline 
(edge) from the images. (3) Boundary pixels of each spray 
plume of each image were measured to quantify spray 
characteristics by measuring from spray contour. The 
flowchart of image processing is displayed in Figure 2 
The fuel spray is assumed to occupy a cone with a 
hemisphere. The spray volume (V) was calculated as a 
function of spray penetration (S) and spray cone angle () 
[12, 13]: 
 

 

Table 2. Specifications of fuel injection system, camera 
specification and injection setup. 

Injector specification 
Injector type Bosch electromagnetic common 

rail injector (solenoid type) 
Number of injector holes 6 
Hole diameter 0.18 mm 

 
Injection quantity 12 mg 
Injection enclosed angle 156 

Camera specification 
Camera resolution @ frame rate 1024×1024 pixels @ 2000 fps 

Injection setup 
Injection pressure  300 and 500 bar 
After start of injection time 
(ASOI)  

0.5-1.5 ms  
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Figure 1. Schematic of fuel injection system setup and 

visual data acquisition system. 
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Figure 2. Flowchart of image processing. 

3. Results and discussion of spray test 

3.1 Spray images 
Spray images are derived from the triplicate tests. Rows 
from top to bottom show ASOI (Figure 3 and Figure 4). 
The scaling of spray images or spray pattern body became 
bigger as a result of increased ASOI and injection pressures 
(IP) values. Spray images of neat diesel fuel were used as a 
baseline. The spray characteristics were quantified from 
these images. 
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Figure 3. Spray images of test fuels at injection pressures 
300 bar. 
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Figure 4. Spray images of test fuels at injection pressures 

500 bar. 
3.2 Spray tip penetration (S)  

Figure 5 shows spray penetration of test blends. Alcohol-
diesel blends showed increment in spray plumes area 
ranked from shortest to longest as: 100D, 10B, 10ABE and 
10BA. Including acetone in ABE mixture and BA mixture 
improves the spray characteristics compared to pure butanol 
(B) due to its lower viscosity. A lower viscosity reduces the 
friction between fuel and the surface of injector nozzle 
hole, which causes a higher fluid velocity exiting from the 
injector nozzle. Fuels that have lower boiling points and 
higher heats of evaporation, such as alcohols (B, ABE and 
BA), can improve the evaporation rate. In an internal 
combustion engine, the process of atomization of the fuel 
spray is an important mechanism in which the fuel is mixed 
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effectively within the gas combustion chamber. Therefore, 
atomization and combustion rate will be increased. The 
high spray area (longer spray tip penetration) can enhance 
air-fuel mixing rate and better combustion efficiency due to 
the increased surface area of contact between fuel and air. 
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Figure 5. Spray penetration of test fuels at injection 

pressures 300 bar and 500 bar. 
3.3 Spray cone angle () 
All alcohol blends showed slightly widened plumes (Figure 
6). The increase in injection pressure leads to a slightly 
narrowed spray cone. When there is an insufficient radial 
momentum to overcome penetration resistance and the 
pressure difference across the sheet, then spray shoulders 
become strongly curved.  

 
Figure 6. Spray cone angle of test fuels at injection 

pressures 300 bar and 500 bar. 
3.4 Spray volume (V) 
The spray volume of the test blends is presented for both 
injection pressures. The spray volume is calculated as a 
function of spray penetration (S) and spray cone angle () 
under different injection conditions. The spray volume of 
the alcohol-diesel blends was higher than neat diesel due to 
their higher spray penetration length. Therefore, the contact 
surface area between the air and fuel would be increased, 
thereby resulting in increased mixing and reaction rates. 

 
Figure 7. Spray volume of test fuels at injection pressures 

300 bar and 500 bar. 

4. Conclusions 
High-alcohol chains of 10% B, BA and ABE and neat 
diesel were tested in a CVV to investigate the effect on 
spray characteristics. It was found that spray penetration 
was increased as a result of addition of any alcohol blends 
to diesel fuel as well as of increased injection pressure. 
Spray cone angle () was slightly widened while it was 
slightly narrowed as a consequence of increased fuel 
injection. Spray penetration and spray volume of BA-diesel 
blend was higher compared to ABE-diesel and B-diesel 
blends. BA-diesel blends could be best blend for enhancing 
the spray characteristics of neat diesel, namely improved 
atomisation and evaporation rate compared to pure butanol 
(B) and ABE-diesel blends. Then, combustion behavior and 
engine performance of BA-diesel blend could be enhanced 
as a result of improved spray characteristics compared to 
other blend. 
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Abstract 
Flame Image Velocimetry (FIV) is an effective diagnostic method for visualising the flow structures within the flame in optical 

diesel engines. Through applying cross-correlation on a pair of high-speed natural luminosity images, the contrast variation in 

luminosity signals is tracked to derive the instantaneous flow field. Using an optimised set of FIV processing parameters, 

detailed information regarding the in-flame flow motion and turbulent flow structure is provided. The present study shows the 

FIV results obtained for a selected two-hole fuel injection case in a small-bore optical diesel engine. The flow fields based on 

FIV analysis indicate that the jet-wall interaction causes a radial jet flow along the piston-bowl wall. The subsequent jet-jet 

interaction leads to the formation of turbulent vortices in the centre of the combustion chamber. Also, the jet-swirl interaction 

on the up-swirl side of the jet induces counter-rotating ring vortices, which are larger and more clearly defined than other 

vortices. 

Keywords: FIV, Diesel injection, Jet-wall interaction, Jet-jet interaction, Jet-swirl interaction 

 

1. Introduction 

The in-cylinder flow development has a significant impact 

on the air-fuel mixing, which is critical for the engine 

efficiency and emissions in diesel engines [1]. The fuel-

injection-induced flow structure is complex as it is 

influenced by multiple factors such as jet-wall interaction 

[2], jet-jet interaction [3] and jet-swirl interaction [4]. To 

better understand the injection induced flow fields in a 

diesel engine, a variety of diagnostic techniques have been 

applied. For example, two-dimensional, time-resolved 

particle image velocimetry (PIV) using a high-speed laser 

and camera has been favoured by most recent studies  

[1,3,5]. From the PIV results, it was shown that the 

variation in jet-jet interaction alters the flow inertia and thus 

changes the surrounding air-entrainment characteristics [3]. 

It was also reported that a swirl flow could affect the spatial 

distribution of fuel droplets during injection at the fuel 

spray boundary though no significant impact on the main 

flow of liquid fuel jet was found [6]. However, it must be 

noted that, the PIV measurement is limited to a non-

combusting environment. This is because the scattered light 

from seeding particles under the combustion environment is 

masked by the strong light scatter from the soot luminosity 

signals. Given the flow motion within the flame could 

directly affect mixing and combustion, this is a significant 

limitation. 

Recently, flame image velocimetry (FIV) was introduced as 

an effective way to visualise the in-flame flow fields in a 

diesel engine [7]. The FIV tracks the contrast variations in 

soot luminosity signals and extracts in-flame flow fields 

using a cross-correlation method. Previous studies applied 

FIV to diesel engines, from which the vortex structures 

induced by the swirl flow [8] and their role in enhanced 

soot oxidation was found [9]. Our recent study performed 

the optimisation of FIV processing parameters and we 

demonstrated FIV’s potential to analyse flow fields in a 

small-bore, automotive-size diesel engine [10].  

This paper implements FIV in an optically accessible diesel 

engine wherein jet-wall, jet-jet and jet-swirl interactions 

generate complex in-flame flow structures. With high-speed 

imaging of the diesel flames and subsequent FIV analysis, 

detailed information about the flow direction and the 

formation of turbulent vortices is presented. 

2. Experiments 

2.1 Engine setup and operating conditions 

As shown in Figure 1, the high-speed soot luminosity 

imaging was conducted in a single-cylinder, small-bore, 

optical diesel engine. The engine specification and 

operating conditions are listed in Table 1. This optical 

diesel engine is modified from a four-cylinder 1.6-litre 

diesel engine with three cylinders being deactivated. As 

illustrated by the sample image in Fig. 1(left), the soot 

luminosity imaging was conducted via the optical access 

provided by the quartz piston window installed on the 

extended piston top and a 45° reflex mirror. The original 8-

hole injector was modified into a two-hole configuration 

through laser welding such that the tailored jet-jet 

interaction condition was achieved. The left two adjacent 

holes with the separation angle of 45° also allowed long 

injection duration which could prolong the jet-wall 

 
Figure 1: A schematic of the optical engine and soot 

luminosity imaging setup 
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interactions and subsequent jet-jet interactions.  

In-cylinder pressure was measured by a piezo-electric 

transducer (Kistler 6056A) through the glow plug hole of 

engine head, with sampling frequency of 100 kHz (0.072 

°CA resolution). The high-speed camera (Photron 

FASTCAM SA-X2) was used for soot luminosity imaging, 

with a pixel resolution of 512 by 512. To reduce the 

saturation of soot luminosity signals, the exposure time was 

set at 1 μs, the lens aperture was minimised at f/32, and a 

neutral-density filter (ND = 2.5) was used as illustrated in 

Fig. 1. The imaging frequency was set at 30 kHz 

corresponding to the temporal frame separation of 33 μs (or 

0.24 °CA). 

2.2 FIV processing 

FIV analysis was conducted on the raw soot luminosity 

images using PIVLab, a Matlab-based open source code. 

Detailed FIV processing procedure and the optimisation of 

post-processing parameters are found in our previous work 

[10]. Hence, only a brief summary is provided here based 

on an example image shown in Fig. 2(left). After masking 

the image, signals within the red circle (i.e. piston bowl and 

quartz window boundary) were enhanced using the contrast 

limited adaptive histogram equalisation (CLAHE). The 

cross-correlation algorithm was then applied to the 

interrogation window (i.e. sub-regions) in two consecutive 

frames, e.g. Frame A and Frame A+1, in which the pixel 

displacement due to the flame movement were tracked 

based on the signal contrast variation. In this process, a 

multi-pass Discrete Fourier Transform (DFT) cross-

correlation algorithm was used in which the peak value in 

the correlation matrix (spatial domain) is selected to 

estimate the most probable displacement within the 

interrogation window to subpixel accuracy. This 

displacement is presented as a velocity vector as illustrated 

in Fig. 2(middle). One may argue that the current result 

could be affected by the off-plane flow motion outside the 

r-θ plane (i.e. horizontal plane). However, the flame 

development during the main combustion period is 

predominantly driven by the r-θ motion. Hence, the impact 

of movements in other direction (e.g. r-z, the vertical plane) 

is deemed insignificant. The resulting flow fields are shown 

in Fig. 2(right). The corresponding timing was added to 

each image with crank angles after top dead centre (°CA 

aTDC) on the left and crank angles after end of injection 

(°CA aEOI) on the right.  

3. Results and discussion 

3.1 In-cylinder condition and raw images 

Figure 3 shows the in-cylinder pressure and apparent heat 

release rate (aHRR) traces for firing and motoring 

conditions. The pressure rises at about 5.5 °CA aTDC for 

the firing cycle, departing from the motoring pressure trace. 

This indicates the start of combustion. With the 

development of combustion, in-cylinder pressure increases 

to the peak of 4 MPa and then starts to decrease during the 

mixing-controlled combustion phase and late-cycle burn 

phase. The crank angle range for FIV analysis in the present 

study is illustrated on the pressure trace. The peak in aHRR 

occurs at 9 °CA aTDC, implying the premixed burn phase. 

The injection period is also shown in the aHRR plot.  

Figure 4 shows the soot luminosity images during the 

combustion event, with the jet axes illustrated by two 

orange dashed lines. The swirl flow direction is also 

illustrated. From the images, it is seen that the first soot 

luminosity signal occurs at 5.9 °CA aTDC, which is the 

timing that the aHRR trace showed a sharp increase and the 

firing pressure exceeded the motoring pressure. Figure 4 

 

Figure 2: Image post-processing for flame image velocimetry (FIV) 

Table 1: Engine specification and operating conditions 

Displacement 395.5 cm
3

 
Bore size 77.2 mm 
Stroke length 84.5 mm 

Compression ratio 16.2 

Swirl ratio 1.7 
Engine speed 1200 rpm 

Intake temperature 303 K 

Wall (coolant) 
temperature 

363 K 

Fuel Ultra Low Sulphur Diesel (CN 51) 

Injection system 
Bosch Solenoid Injector (CR12-20) 

Bosch Common rail (CR/V4/10-12S) 

Number of holes 8 (6 blocked and 2 left open) 

Jet separation angle 45° 

Rail pressure 100 MPa 

Injection timing 9°CA bTDC 

Injection duration (signal) 548 μs 

Injected fuel mass 16 mg 

Firing mode 10-skip firing 
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shows that a large amount of soot luminosity signals 

appears in-between the two jets, indicating high soot 

formation due to locally fuel-rich mixtures in the jet-jet 

interaction region. As the injection continued until 11.4 

°CA aTDC, the jet-wall interaction pushed the flame out of 

the jet-jet interaction region, and thus the soot luminosity 

signals travel along the piston-bowl wall. The jet-wall 

interaction also caused the sooting flame to recoil off the 

wall and penetrate back towards the nozzle. The swirl flow 

effect is also evident in Fig. 4. The wall-jet on the down-

swirl side travels faster than that on the up-swirl side, 

causing asymmetric signal distribution.  

3.2 FIV-derived in-flame flow fields 

The FIV analysis was performed to a selected crank angle 

range of 7.3 ~ 22.2 °CA aTDC in Fig. 4. This was because 

the signal development prior to this crank angle range was 

dominated by the premixed combustion, instead of the 

flow-induced mixing, and for later crank angles, the jet-jet 

interaction seen in the 2 o’clock direction would not occur 

in a real engine at this late cycle. 

The derived flow fields using FIV are shown in Fig. 5. The 

flow vectors show that, at 7.3 °CA aTDC, the flow structure 

upon the jet impingement on the wall is chaotic; however, 

there is a clear direction of the flow along the piston-bowl 

wall on both up-swirl and down-swirl sides (as illustrated 

by two white arrows). This agrees with the observation in 

the soot luminosity images that two wall-jets travelling 

along the wall due to jet-wall interaction. At 9.0 °CA 

aTDC, the flow vectors indicating jet-wall interaction 

become clearer. This is highlighted in a magenta box on the 

bottom-left corner where a zoomed in image is presented. 

This image shows flow vectors impinging on the wall as 

well and the radial movement in both directions afterwards. 

The flow vectors along the bowl wall become more intense 

at 11.2 °CA aTDC and start to settle down from 13.8 °CA 

aTDC as the injection ended at 11.4 °CA aTDC.   

At the centre of the piston bowl, flow vortices start to form 

from 9 °CA aTDC, which last until 19.3 °CA aTDC. As 

shown in the region highlighted by the blue box at 13.8 

°CA aTDC, the vortices are formed in this region as the 

flame is directed back towards the nozzle due to jet-jet 

interaction. This is likely to enhance the mixing in this 

region, and thereby increasing soot oxidation. The vortices 

are also generated in the wall-jet head region. For example, 

as the wall-jet travels along the bowl wall, multiple vortices 

start to develop on the up-swirl side as shown in the region 

highlighted by a red box. These vortices show clockwise 

rotation as they are induced due to the interaction between 

the wall-jet and the counter-clock-wise swirl flow. By 

contrast, no such vortices are observed on the down-swirl 

side with the velocity vectors showing only the coherent 

 
Figure 3: In-cylinder pressure and apparent heat release 

rate (aHRR) traces for motored and fired conditions 

Figure 4: Raw frame images of natural soot luminosity movie during the flame development for two nozzle holes 
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flow direction. These flow characteristics could explain 

higher mixing and lower soot measured on the up-swirl side 

than that on the down-swirl side [11]. At 22.2 °CA aTDC 

and afterwards, the flow fields are dominated by counter-

clock-wise bulk flow motion, consistent with the swirling 

solid-body rotation. This is illustrated by white arrows. 

 

4. Conclusions 

In this study, FIV analysis has been performed in a small-

bore optical diesel engine using high-speed soot luminosity 

movies. The FIV used in the present study successfully 

captured the velocity vectors indicating the jet impingement 

on the wall and the radial flow along the wall. The flow 

vortices were observed in the center of the piston bowl due 

to jet-jet interaction-induced flow back towards the nozzle. 

The jet-swirl interaction also generated vortices on the up-

swirl side due to the counter-rotating wall-jet and swirl 

flows. On the down-swirl side, however, the vortices were 

not observed as the wall-jet and swirl flow travel in the 

same direction. 
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Figure 5: Flow fields within the flame under the influence of jet-wall, jet-jet and jet-swirl interactions 
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Abstract 
Planar laser-based imaging is an effective tool to visualise the spatial development of key radicals and species inside the 

cylinder of a diesel engine. As there are multiple radicals and chemical species governing diesel combustion, the simultaneous 

imaging is required using multiple lasers and cameras. As this means a major infrastructure investment, various laser-based 

imaging diagnostics are often performed one at a time using a single system. Considering inherent cyclic variations in an 

engine, many images are obtained at each crank angle location and their ensemble average is used as a representative image for 

each radical and species. The ensemble-averaged images are then presented together to discuss their interactions and influence 

on diesel combustion. However, the averaged images show smeared out signals, which makes it hard to analyse turbulent 

flame structure. The present study evaluates an alternative approach in presenting various laser-based images from different 

engine cycles. The idea is that, for a set of images obtained from a selected radical/species and at a given crank angle, an 

individual image is selected based on the cross-correlation coefficients that are compared to the ensemble-averaged image. 

This method chooses an individual image that is the most similar with the ensemble-averaged image and thus enabling the 

discussion on the overall spatial distribution of radicals/species without losing structural details. Three planar laser-induced 

imaging diagnostics were performed in a single-cylinder optical diesel engine including planar laser induced fluorescence of 

hydroxyl radical (OH-PLIF), formaldehyde molecule (HCHO-PLIF) and planar laser induced soot incandescence (soot-PLII). 

The application of the selection method to these images showed that the OH growth out of the HCHO region near the wall is 

much clearer in the selected individual image than the ensemble-averaged images. The suspected PAH/soot interference in the 

HCHO-PLIF signals was also captured more effectively from the selected images.  

Keywords: Diesel engine, Correlation coefficient, Image selection, PLIF, and PLII 

1. Introduction 

Laser-based imaging is the most effective and widely used 

technique to investigate flame development. Using laser 

beams tuned at specific wavelengths, intermediates species 

and combustion products could be excited or heated to 

capture fluorescence or incandescence signals. For instance, 

planar laser-induced fluorescence of hydroxyl radicals 

(OH-PLIF) can be imaged to identify high-temperature 

reaction zones and to analyse flame structures [1-5]. The 

laser-based imaging in engines poses a significant challenge 

due to high-pressure ambient gas conditions requiring high 

pulse energy, turbulent flame development within a 

confined space bounded by the cylinder head and moving 

piston, and inherent cyclic variations caused by the change 

in intake air pressure, fuel injection, mixture formation, and 

heat transfer [6]. For high-speed engine operation up to 

6000 rpm (i.e. 50 fuel injections per second), the laser-

based imaging in a diesel engine also requires careful 

synchronisation of the laser pulse, camera trigger and fuel 

injection timing [3, 7, 8]. 

To study combustion processes in sequence of time inside 

the cylinder of a diesel engine, laser-based imaging should 

be repeated for various crank angles. For each species and 

radicals, this imaging should also be repeated. This means 

laser-based images taken from different engine cycles [7, 

8]. Significant efforts are made to minimise this cyclic 

variation in an optical diesel engine. For example, the in-

cylinder pressure trace is monitored to ensure the images 

are taken at almost identical bulk gas conditions [2, 9]. The 

temperature of combustion chamber wall is fixed using a 

water heater/circulator, which helps minimise the variation 

in heat loss. Often, a skip firing mode is used for engine 

operation, which implements fuel injection every a few 

motoring cycles to ensure the residual gases from the 

previous firing cycle is expelled completely [2,5,7,9]. 

Despite all these efforts, inherent cyclic variation associated 

with fluctuation in the intake air pressure, mixture 

distribution, turbulent flow fields is unavoidable. Time-

resolved, high-speed imaging reduces the cyclic variation 

concern as the imaging does not need to be repeated for 

various crank angles [10]; however, this still needs to be 

repeated for various firing cycles to ensure one 

instantaneous movie obtained from one cycle is not biased. 

Similarly, the simultaneous laser-based imaging of multiple 

species and radicals could remove the concern on the cyclic 

variation among the radicals/species, but one set of images 

from one selected cycle cannot simply represent a given 

combustion condition. Therefore, multiple images should 

be taken either one at a time or simultaneously and the 

cycle-averaged (or ensemble-averaged) images should be 

evaluated. 

When the ensemble-averaged images are used to discuss 

the flame structures and distribution of the measured 

species, a well-known challenge is smearing-out effects of 

the images. That is, each image pixel contains a signal in 

some cycles but not in other cycles, removing the fine 

details at the flame boundary and the pattern change within 

the flame. In a turbulent diesel flame, this becomes a 

significant limitation to discuss spatial development of 

radicals and species. The present study evaluates an 

alternative approach with a question: what if one selected 

individual image containing all the fine details and 
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turbulent structures can represent a set of images taken at a 

selected crank angle and for a given radical/species from 

various engine cycles, as the ensemble-averaged image 

does.   

2. Experiment 

2.1 Optical engine and laser diagnostics 

The laser-based imaging was performed in a single-cylinder 

optical diesel engine as illustrated in Fig. 1. The 

specification and selected operating conditions for the 

diagnostics are listed in Table 1. The optical engine has a 

piston top and cylinder liner made of quartz. In addition, 

the piston bowl rim is also a quartz window to provide the 

optical path for laser beam insertion. For the present study, 

the laser beam elevation was fixed at 10 mm below the 

cylinder head. Before inserted into the piston bowl, the 

laser beam was converted into a 0.3-mm thick sheet 

covering the entire field of view of ɸ53-mm piston-bowl. 

The laser-excited signals were recorded using an ICCD 

camera (Lavision Nanostar) through the optical path of the 

piston quartz and a 45° reflex mirror.   

As noted in Fig. 1, three different laser wavelengths were 

used depending on the imaging diagnostics. The 284-nm 

laser with a pulse energy of 25 mJ at 10 Hz was used for 

OH-PLIF imaging using a Rhodamine-6G-filled dye laser 

(Sirah CobraStretch) pumped by a 532-nm beam from an 

Nd: YAG laser (SpectraPhysics Quanta-Ray Pro-230). An 

optical filter set of 300-nm band pass filter (40-nm FWHM) 

and two 305-nm long-pass filters was placed in front of the 

ICCD camera to isolate the OH-PLIF signals lying in a 

spectrum range of 308~320 nm. Also, the third harmonic 

and fundamental beam of this Nd:YAG laser were used for 

HCHO-PLIF and soot-PLII, respectively. The 355-nm laser 

beam had a pulse energy of 160 mJ to excite HCHO and the 

fluorescence signals were captured using a combination of 

385-nm long-pass filter, 430-nm band-pass filter (10-nm 

FWHM), 450-nm short-pass filter and the ICCD camera. 

The 1064-nm beam of the Nd:YAG laser at a pulse energy 

of 200 mJ was used to induce soot incandescence (soot-

PLII), which was recorded using the ICCD camera coupled 

with a 430-nm band-pass filter (10 nm FWHM) and a 450 

nm short-pass filter. 

2.2 Engine operation 
Throughout the experiment, the 27°C intake air was 

naturally aspired and the heated water at 90°C was 

circulated through the engine head, cylinder liner, and 

engine block to mimic a warmed-up engine condition. The 

fuel delivered through the common-rail injection system 

was a kerosene-based surrogate fuel with cetane number of 

40. At a fixed common-rail pressure of 50 MPa, 20% of the 

total fuel mass (9 mg) was assigned to a pilot injection 

executed at 11°CA bTDC, while the main injection timing 

was set at 6°CA bTDC. A 10 skip-firing mode with 1 

injection cycle followed by 9 motoring cycles was used in 

the present study, which was to expel residual gases from 

the previous firing cycle and to keep the thermal loading on 

the quartz windows below the burst limit. For each crank 

angle and species, a total of 20 injection cycles were 

executed for image taking.  For the record of in-cylinder 

pressure, a piezo-electric pressure transducer (Kistler 

6056A) was used.  

 

3. Results and discussion 

3.1 In-cylinder pressure and aHRR 

The black lines plotted in Fig.2 (top) are the cycle-averaged 

in-cylinder pressure traces of each engine run of 20 firing 

cycles. The ensemble-averaged pressure trace of all the 

engine runs are plotted in red line and the corresponding 

apparent heat release rate (aHRR) averaged pressure trace is 

 
 

Figure 1: Illustration of the optical diesel engine and 

laser diagnostics setup in the bottom-view (top) and 

side-view (bottom) orientations 

 

Table 1: Engine specification and operating 

conditions 

Engine speed [rpm] 1200 

Intake air temperature [°C] 27 

Coolant (water) temperature [°C] 90 

Common-rail pressure [MPa] 50 

Fuel Kerosene 

Cetane number  40 

Fuel density at 15°C [kg/m3] 796 

Lower heating value [MJ/kg] 43.4 

Kinematic viscosity at 40°C [mm2/s] 4.8 

Pilot injection timing [CAD bTDC] 11 

Main injection timing [CAD bTDC] 6 

Pilot injection duration [ms] 0.370 

Main injection signal duration [ms] 0.590 

Pilot injection proportion [%] 20 

Total injected fuel mass [mg/cycle] 9 

Total energy input [J/injection] ~391 
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shown in Fig. 2 (bottom), descirbing a general combustion 

behaviour for individuel runs. The in-cylinder pressure 

traces indiciate repeatable bulk gas conditions; however, 

the run-to-run variations and cylic variations in each of 

these engine runs are not to be missed.  

3.2 Image selection method 
Figure 3 (left) shows a total of 20 OH-PLIF images taken at 

9°CA aTDC, which corresponds to the peak aHRR location 

at which strong OH signals due to high-temperature 

reaction are expected. The images show overall similar 

structures with intense OH-PLIF near the jet-wall 

impingement point for each jet. The signals are clear on the 

left side where the laser beam was inserted. However, the 

significant beam attenuation caused almost no detectable 

signals on the right side. This pattern is also repeated on all 

20 images. Upon these images, the ensemble-averaged 

image was produced as shown in the top right of Fig. 3. The 

overall OH-PLIF distribution observed from the 20 images 

is seen again in this average image. However, as previously 

mentioned, the signals are smeared out losing all the 

turbulent flame structures.  To address this issue, a best-

representing individual OH-PLIF image was selected by 

applying a correlation-coefficient based method [2,7]. 

Specifically, a two-dimensional, normalised cross-

correlation coefficient (r2d, xy) was calculated for each set of 

images of a given imaging timing using: 

 

𝑟2𝑑,𝑥𝑦 =
∑ ∑ (𝑥𝑖,𝑗 − �̅�)(𝑦𝑖,𝑗 − �̅�)𝑗𝑖

√∑ ∑ (𝑥𝑖,𝑗 − �̅�)
2

𝑗 ∙𝑖 ∑ ∑ (𝑦𝑖,𝑗 − �̅�)
2

𝑗𝑖

    

(1) 

where x is the ensemble-averaged image count, 𝑥 is the 

image mean of the ensemble-averaged image count, y is an 

image count of an instantaneous image, 𝑦  is the image 

value of the instantaneous image, and i and j denote the row 

and column pixel, respectively. The cross-correlation 

coefficient represents the degree of similarity between two 

images; the higher the coefficient, the more the 

resemblance. The cross-correlation coefficient was 

calculated for all the images of 20 individual cycles against 

the ensemble-averaged image, which is plotted on the 

bottom-right corner of Fig. 3. The highest cross-correlation 

coefficient was measured at 0.8613 as highlighted in green 

box. The corresponding image is shown on the top-right 

corner of Fig. 3, which indicates high similarity to the 

ensemble-averaged image while keeping detailed pattern 

and structure in this selected individual cycle image.  

3.3 Evaluation of the image selection 
One question is raised whether the selected images can 

depict a picture of sequential development for combustion 

analysis, especially when the images of multiple laser 

diagnostics are combined to show a transition of reaction 

 
Figure 3: OH-PLIF images from 20 firing cycles (left), the ensemble averaged image of all 20 cycles and the selected 

instantaneous cycle image (top-right), and the correlation coefficients of all 20 firing cycles (bottom-right). The selected 

image with the highest correlation coefficient of 0.8613 is marked by a green box. 

 

 

Figure 2: In-cylinder pressure and apparent heat 

release rate traces 
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stages. Figure 4 shows the ensemble-averaged, the most 

correlated and the least correlated OH- and HCHO-PLIF 

images from 4 to 12°CA aTDC. The PLIF images were 

combined by false colouring OH in blue and HCHO in 

purple. In addition, the soot-PLII signal boundaries were 

overlaid using red lines.  

Both ensemble-averaged and the most correlated images 

show the same trend that the OH-PLIF initially develops 

from the jet-wall impingement point and then spread 

through the entire HCHO-PLIF region. However, it is the 

selected individual images with the highest cross-

correlation coefficients that show the growth of OH radicals 

within the HCHO region more clearly. Particularly, at 

7°CA aTDC, the OH overtakes the HCHO distribution 

during the low- to high-temperature reaction transition 

occurs, which is captured better in the selected image. 

When HCHO-PLIF signals are found between the jet axes 

only (8°CA aTDC and after), it is also the selected image 

indicating more effectively that these are interference 

signals from PAH/soot through scattered pocket structures. 

The soot boundaries also match better with the remaining 

HCHO PLIF signals. In comparison, the least correlated 

images show poor consistency with the ensemble-averaged 

images and fail to capture the crucial trends observed from 

the best selected images. 

4. Conclusion 

The present study performed a cross-correlation coefficient-

based selection of OH-PLIF, HCHO-PLIF and soot-PLII 

images obtained from many different cycles in an optical 

diesel engine. The most correlated PLIF and PLII images 

are overlaid and compared with those of the ensemble-

averaged images. The ensemble-averaged and the most 

correlated images showed the same overall flame 

development trend. However, the selected images for the 

highest cross-correlation coefficients exhibited the OH 

growth out of the HCHO region more clearly and the 

PAH/soot interference in the HCHO-PLIF signals were 

captured more effectively. Therefore, for the discussion of 

diesel combustion based on laser-based images, the 

selection of individual images could be a useful alternative 

method to the presentation of ensemble-averaged images. 
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Abstract 
Exhaust gas recirculation (EGR) has been used in modern diesel engines to reduce thermal NO formation through the diluted 

charge and lower specific heat ratio. While the reduced engine-out emissions of NOx (NO and NO2) is demonstrated, the use of 

EGR leads to decreased engine power output, simply due to decreased heat release rate. This is compensated through intake air 

boosting, most commonly using a supercharger, turbocharger, or both. The increased intake air pressure boosts the induced air 

mass and thus the in-cylider pressure increases to generate more power, which may recover the loss caused by EGR. A 

drawback of this approach is increased efficiency loss as the supercharger is driven by the crank shaft.  For turbochargers, a 

delayed activation (i.e. turbo lag) is an issue as the engine speed should be sufficiently high for the exhaust gas to drive the 

turbine. An alternative technology is e-boosting, i.e. a battery powered electric compressor, which is independently operated 

and thus is free from efficiency loss or turbo lag. This study evaluates this new approach using an in-house made e-booster in a 

single-cylinder automotive diesel engine. For a fixed EGR rate of 25%, which was shown to achieve significant reduction in 

NOx emissions, the e-boost pressure was varied between 100 to 145 kPa (absolute). The results showed that higher intake air 

pressure leads to increased in-cylinder pressure and a more stretched apparent heat release rate profile over a wider crank angle 

range. This results in increased net indicated efficiency while further reducing engine-out NOx emissions. Compared with the 

baseline condition of no EGR and no e-boosting, 140 kPa of intake air pressure was enough to recover the power loss caused 

by 25% EGR while achieving 75% reduction in NOx emissions. 

Keywords: Diesel combustion, exhaust gas recirculation (EGR), intake air e-boosting, indicated efficiency, NOx. 

1. Introduction 

One of the most significant challenges for diesel engine 

developers is to reduce emissions of nitrogen oxides (NOx) 

and particulate matter (PM) simultaneously without 

compensating efficiency/fuel consumption. While PM 

emissions are becoming less concerned due to the use of 

high-pressure common-rail injection system and diesel 

particular filter (DPF), the NOx reduction is more complex 

due to its trade-off characteristics with engine power and 

efficiency. Low temperature combustion (LTC) diesel [1] is 

a widely used strategy, which keeps the flame temperature 

low to suppress thermal NO formation. This is implemented 

using exhaust gas recirculation (EGR) for reduced intake 

air oxygen concentration. The diluted air reduces the flame 

temperature. The higher heat capacity of the exhaust gas 

also leads to decreased flame temperature. However, the 

reduced flame temperature means lower heat release rate 

and in-cylinder pressure, which results in decreased power 

output and lower engine efficiency [2, 3]. One immediate 

solution is to use aftertreatment systems such as a lean NOx 

trap and urea-based selective catalytic reduction (SCR) – 

i.e. maintating high power output, high NOx engine 

operation but reduced tailpipe NOx emissions. However, the 

efficacy of lean NOx trap was questioned when it was a part 

of the recent NOx emissions scandal. The SCR is becoming 

popular for its high conversion rate, which, however 

requires regular refill of the urea tank. 

Turbochargers and superchargers are commonly used in 

production diesel engines to increase engine efficiency and 

power output while reducing fuel consumption [2, 3]. The 

improvement over naturally aspirated engines is made 

possible by boosting the intake manifold pressure higher 

than the atmosphere pressure. Higher intake air pressure 

increases the ambient-gas density within the cyinder, and 

hence leads to higher pressure condition during the 

combustion event. In addition, higher ambient density 

means higher air-entrainment rate and enhanced mixing [4]. 

Previous studies showed that both lift-off length and 

ignition delay are reduced at higher intake boosting and 

thus reduce the pre-combustion mixing [4, 5]. Less 

premixed combustion also means lower combustion 

temperature, which can contribute to NOx reduction.  

Therefore, the intake air boosting could be used to 

compensate the power/efficiency loss caused by EGR, 

resolving the efficiency-NOx trade-off characteristics and 

potentially further reducing NOx. 

One major drawback of turbochargers is a turbo lag. Since 

the turbine shaft is driven by the exhaust gas, a certain level 

of engine speed is required to achieve enough exhaust gas 

flow rate. This is addressed using variable geometry 

turbochagers in which the vane angle changes to reduce the 

required exhaust gas flow rate at low engine speed; 

however, the activation of turbocharger is still not 

immediate. The supercharger, an air compressor driven by 

the crank shaft, has much faster response but its boosting 

level is very limited and is not decoupled with the engine 

speed. More importantly, the supercharger reduces the 

engine efficiency as it is driven by the crank shaft. An 

alternative technology that has recently been 

commercialised is e-boosting. Often called a mild hybrid 

system, new diesel cars come with a higher voltage (e.g. 

48-V) Li-Ion battery pack in addition to the 12-V lead-acid 

battery to enable frequent shut on and off of the engine 

depending on the driving mode. An air compressor driven 

by an electric motor, i.e. e-booster, is also used to replace 

superchargers/turbochargers. Since the operation of the e-

booster is independent of the engine, e-boosting achieves 

increased power output with no efficiency loss or turbo lag 

issues.   

The present study evaluates the e-boosting as a promising 

technology to achieve NOx reduction with no compromise 
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in engine power output. In a single-cylinder automotive 

diesel engine, high EGR rate of 25% was used to achieve 

significant NOx reduction while the e-boosting level was 

increased until the power loss due to EGR is recovered. 

How the engine power output and efficiency change due to 

variation in e-boosting level at this high EGR rate is 

assessed in this study. The combustion-induced noise and 

engine-out emissions of NOx, uHC, CO and smoke are also 

discussed. 

2. Experiments 

The engine performance and emissions testing were 

conducted in a single-cylinder common-rail diesel engine 

with a single-overhead cam and 16 valves. As illustrated in 

Fig. 1, the engine was modified from a two-litre four-

cylinder production diesel engine with only one active 

cylinder being used for a research purpose. The single-

cylinder engine has a displacement volume of 497.8 cm3 

with bore and stroke of 83 and 92 mm. The geometric 

compression ratio of this engine is 17.7 and the swirl ratio 

is 1.4, as listed in Table 1. Both intake and exhaust 

manifolds are connected with 60-litre surge tanks to avoid 

pressure fluctuations associated with the single-cylinder 

engine operation. A high pressure common-rail and three-

piston pump (Bosch CP3) was used for fuel delivery 

through a solenoid-type injector with a minisac nozzle tip. 
At this tip, seven evenly spaced 134 μm holes with 150° 

included angle were drilled, which were hydro-grounded 

with a K-factor of 1.5 and discharge coefficient of 0.86. 

Fuel injection parameters including injection pressure, 

timing, and duration are independently controlled using a 

universal common-rail control unit (Zenobalti ZB-9013P) 

based on the crank shaft-mounted rotary encoder signals 

(Autonics E40S8). 

A piezo-electric pressure transducer integrated into a glow 

plug adapter (Optrand PSIglow-A) was used to measure the 

in-cylinder pressure. The in-cylinder pressure was recorded 

for 100 successive firing cycles. The raw data was used to 

calculate the averaged in-cylinder pressure trace, peak 

pressure rise rate (peak PRR), indicated mean effective 

pressure (IMEP) and the coefficient of variation of IMEP 

(CoV of IMEP). The ensemble-averaged in-cylinder 

pressure trace was also used to calculate the apparent heat 

release (aHRR) and the combustion phasing. 

The engine was connected with an Eddy Current (EC) 

dynamometer (FroudeHoffmann AG-30HS) for constant 

speed tests at 2000 rpm. Before and during the engine 

operation, heated water at 90°C was circulated through the 

cylinder head, liner and engine block using a water 

temperature controller/circulator (ThermalCare Aquatherm 

RQE0920). The measured intake air temperature of 27°C 

did not vary throughout the tests. For e-boosting, a 

conventional supercharger (Rotrex C15) was modified so 

that the drive shaft is connected to a 7.5-kW AC motor. At 

the shaft speed of 0~64,800 rpm, the measured intake air 

pressure was 100~145 kPa (absolute).  For exhaust gas 

recirculation (EGR), a conventional EGR valve and pipe 

was used to connect the intake and exhaust manifolds. The 

EGR rate was evaluated based on the carbon dioxide (CO2) 

concentration in the intake and exhaust gas using CO2intake/ 

CO2exhaust [7]. The EGR rate was swept from 0% to 25%. 

The no EGR condition was used as a baseline. Higher EGR 

rate was also tested but unstable combustion (e.g. CoV of 

IMEP higher than 5%) was noticed. The common-rail 

pressure was fixed at 100 MPa, which achieved the highest 

IMEP and lowest overall engine-out emissions [8]. A 

conventional diesel fuel was used and the injection timing 

was varied between 8 and 3°CA bTDC to hold the 

combustion phasing constant, similar to our previous study 

[9]. The 19.9 mg injected fuel mass was calculated based 

on the measured injection rate using a Bosch tube-type 

injection rate meter [10]. This corresponds to about 9 bar 

IMEP for medium load condition in this small size diesel 

engine. 

Five emissions were measured for various e-boosting 

levels. The noise emission was estimated using Shahlari et 

al.’s algorithm [8, 9], which converts the measured in-

cylinder pressure to decibel (dB) by applying filters for the 

loss of noise transmission due to the engine structure and 

the frequency response of human hearing system. It was 

noted that the sampling rate was 100 kHz, which is 5-fold 

higher than required 20 kHz to resolve the attenuation 

function frequencies ranging between 0.1 and 10 kHz. The 

 

Figure 1: Schematic diagram of a single-cylinder common-

rail diesel engine setup. 

Table 1: Engine specification and selected operating 

conditions 

Displacement volume [cm3] 497.8  

Bore/stroke [mm] 83/92 

Compression ratio 17.7 

Swirl ratio 1.4 

Engine speed [rpm] 2000 

Coolant temperature [°C] 90 

Intake air temperature [°C] 27 

Intake air pressure [kPa] (absolute) 100 – 145 

EGR ratio [%] 0, 25 

Common-rail pressure [MPa] 100 

Fuel Conventional Diesel 

Injection timing [°CA bTDC] 8 - 3 

Total injected fuel mass [mg] 19.9 
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engine-out exhaust emissions including smoke, nitrogen 

oxides (NOx), and unburnt hydrocarbons (uHC) and carbon 

monoxide (CO) were measured using an opacimeter 

(Horiba MEXA-600S, ± 0.15 m-1 light absorption 

coefficient accuracy), a chemiluminescence-type gas 

analyser (Ecotech 9841AS, 1% accuracy), and a non-

dispersive infrared (NDIR) analyser (Horiba MEXA-584L, 

1.7% accuracy), respectively. 

3. Results and discussion 

3.1 In-cylinder conditions 

Figure 2 shows the ensemble-averaged in-cylinder pressure 

and apparent heat release rate (aHRR) traces for all the 

tested conditions of the present study. The baseline 

condition with no e-boosting and no EGR (grey line) shows 

high peak in-cylinder pressure of about 8.6 MPa with the 

start of combustion determined by the rise of aHRR 

occurring at about 4°CA aTDC. Since the injection timing 

was set at 8°CA bTDC, this means 12°CA of ignition delay 

time. In comparison, the 25% EGR condition at the same 

100 kPa intake pressure (no e-boosting, black line), a 

significant effect of EGR is observed. The in-cylinder 

pressure measured at TDC shows about 600 kPa reduction 

as the exhaust gas with higher heat capacity replaced the 

fresh air. As a result, the start of combustion was retarded 

to 8°CA aTDC, and since the start of injection was fixed at 
8°CA bTDC as of no EGR condition, the ignition delay 

time was increased to 16°CA. This caused increased charge 

premixing, which is reflected in higher peak aHRR than 

that of the baseline condition. However, the start of 

combustion (or combustion phasing in general) was 

retarded with the main heat release occurring later in the 

expansion cycle. This, together with lower TDC pressure, 

led to lower in-cylinder pressure despite higher peak aHRR.        

At a fixed EGR rate of 25%, various intake air pressures 

ranging between 100 to 145 kPa were applied. For this 

variation, the CA10 (i.e. crank angle of 10% heat release) 

was fixed by adjusting injection timing to isolate the intake 

air pressure effects from the combustion phasing effect. 

From the figure, a clear trend is observed that higher e-

boosting level leads to higher compression pressure. This 

was simply due to increased air mass/density, and thus a 

monotonic increased in the in-cylider pressure for higher 

intake air pressure is observed. It is seen that only 10 kPa 

increase in the intake pressure could recover the TDC 

pressure loss caused by 25% EGR. At the highest e-

boosting level, the TDC pressure reaches 5.7 MPa.  

The peak in-cylinder pressure due to combustion also 

increases with increasing intake air pressure up to 130 kPa. 

However, at the intake pressure higher than 140 kPa, the 

peak in-cylinder pressure shows a decreasing trend. This 

was because the aHRR during the premixed burn phase was 

reduced. That is, the increased intake air pressure caused 

decreased ignition delay time and reduced premixing. In 

Fig. 2, the peak aHRR measured during the premixed burn 

phase showed a monotonic decrease with increasing intake 

air pressure. Therefore, the increasing trend observed for 

the peak in-cylinder pressure indiciates the direct impact of 

increased intake air pressure; however, the decreased 

premixed burn could reverse the trend at much higher 

intake air pressure. 

   

3.2 Power output and engine efficiency 

Figure 3 shows the results of net IMEP, coefficient of 

variation (CoV) of IMEP, net indicated efficiency, and 

indicated specific fuel consumption (ISFC). The net IMEP 

shows a strong influence of EGR. Compared to the baseline 

condition achieving 920 kPa of IMEP, 25% EGR led to 125 

kPa reduction in IMEP. By contrast, the increased intake air 

pressure through e-boosting shows almost linear increase in 

 
Figure 2: In-cylinder pressure and apparent heat release 

rate (aHRR) for various intake air pressure 

 
Figure 1: Power output and efficiency parameters 
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IMEP. This was despite the fact that the peak in-cylinder 

pressure was reduced at intake pressure of 140 kPa or 

higher. The close examination of in-cylinder pressure traces 

(Fig. 2) indeed suggests high in-cylinder pressure at late 

cycle. For example, the in-cylinder pressure at 30°CA 

aTDC shows the same monotonic increase with increasing 

intake air pressure, similar to that at TDC. It was noted 

when the peak aHRR was decreased at higher intake air 

pressure, the aHRR in fact showed a more stretched profile 

with lower peak value but a certain level of aHRR lasting 

until late crank angles throughout the mixing-controlled and 

late-cycle burn phases. 

The further increase of intake air pressure to achieve even 

higher IMEP was hindered by increased CoV of IMEP. For 

example, 145 kPa of intake air pressure shows 7.5% CoV 

of IMEP, which well exceeds 5%, the fluctuation limit 

commonly accepted by the industry. Since the injected fuel 

mass was fixed, the net indicated efficiency and indicated 

specific fuel consumption (ISFC) show a simple reverse 

trend to the net IMEP. Figure 3 shows that high net 

indicated efficiency of 51% and low ISFC of 162 g/kWh 

could be achieved at 140 kPa intake air pressure. This 

significantly recovers the power and efficiency loss caused 

by 25% EGR although the baseline condition of 54% 

efficiency and 158 g/kWh ISFC could not be fully 

recovered due to unstable combustion at higher e-boosting 

level. 

3.3 Emissions 

Figure 4 shows the engine-out emissions. It is observed that 

25% EGR was very effective in reducing NOx emissions. 

By applying e-boosing, the NOx emissions were further 

reduced. This was consistent with a decreasing trend in the 

peak aHRR (Fig. 2), indicating lower premixed burn and 

lower thermal NO formation. The combustion noise shows 

almost no influence of EGR; however, due to decreased 

premixed burn, the peak pressure rise rate (PRR) decreases 

with increasing intake air pressure, which resulted in 

reduced noise. The uHC and CO emissions show a 

significant benefit of increased intake air pressure. The 

application of 25% EGR increased the uHC/CO emissions, 

which were fully recovered by applying high intake air 

pressure of 140 kPa, as shown in Fig. 4. For fixed injected 

mass of the present study, higher boosting means higher air 

mass for enhanced oxidation. However, the measured 

smoke opacity, which increased with the application of 

25% EGR, became worse at higher intake air pressure. This 

was not unexpected because the premixed burn was 

reduced at higher intake air pressure. The typical smoke-

NOx trade-off characterics of diesel combustion is observed 

again, which requires further investigation in future. 

4. Conclusions 

The performance and emissions variations of diesel 
combustion due to EGR and e-boosting has been 

investigated in a single-cylinder automotive diesel engine.  

The results show higher EGR rate of 25% could achieve 

significant reduction in NOx at the expense of engine 

power, efficiency, uHC/CO, and smoke emissions. By 

applying e-boosting up to 40 kPa (or 140 kPa absolute 

intake air pressure), the power and efficiency loss could be 

significantly recovered. Due to reduced premixed burn at 

higher intake air pressure condition, NOx, and noise 

emissions were further reduced. The increased air pressure 

also led to decreased uHC and CO emissions due to 

enhanced oxidation. However, increased smoke emission 

due to EGR became worse at higher intake air pressure, 

which requires further investigation. 
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Abstract 
While electrostatic atomization of dielectric liquids has been extensively studied in the literature, the details of a hybrid 

atomization mode which combines the effects of a coaxial shearing air-flow and electrostatic charge, remain very poorly 

understood. This paper presents a new burner design that enables a systematic investigation of the combined effects of charge 

and aerodynamic forces on atomization, for improved control of droplet size, and the eventual application to spray combustion. 

The aerodynamic effects are studied over a range of Weber numbers, with a range of spray specific charge levels and liquid jet 

velocities. The findings suggest that the hybrid mode can enhance the spray angle noticeably, with an increasingly significant 

effect at lower aerodynamic Weber numbers. Analysis of the root mean square of velocity fluctuations at the location of 

highest mean velocity, indicate that the introduction of the electric charge can potentially have an influence on local mixing 

behaviour. 
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1. Introduction 

Electrostatic atomization of insulating dielectric liquids 

(liquids having higher electrical resistivity, over ~5 x 10
8
 

Ωm) has been a technique tested for some decades [1-5] 

and involves the introduction of a unipolar charge to a 

dielectric liquid, in order to generate a repulsive force that 

overcomes the surface tension force. The method offers 

some unique advantages over conventional atomization 

techniques which include: i) allowing the user to control the 

size as well as the motion of the droplet independent to the 

flow boundary conditions ii)  preventing the coalescence of 

droplets due to the presence of like charge on droplets, and 

iii) offering a certain degree of control over the size 

distribution of produced droplets [6-9].  

Electrostatic atomization of dielectric liquids, commonly 

known as Charge Injection Atomization, is not to be 

confused with electrosprays, the latter of which pertain to 

the atomization of conducting liquids under the influence of 

a surface charge [10]. Electrosprays are commonly used in 

pesticide sprays, disinfection, generation of highly 

dispersed micro-particles, and thin film preparation. While 

the electrospraying method is promising, use of that 

technique for electrically insulating liquids (such as 

Kerosene, Diesel, BioDiesel, and a number of synthetic 

fuels) necessitates the addition of conductive additives, a 

requirement which is not needed for charge injection 

systems. This makes the charge injection method of 

particular interest for a number of spray combustion 

applications. 

Studies to date in this area have found that the presence of 

the same polarity of charge among droplets is capable of 

increasing the evaporation rate by improved spray plume 

dispersion [11] and can lower soot production by creating 

larger inter-particle separation [12]. Atomization of highly 

viscous fuels like biodiesel can also benefit from the 

advantages of using an electrostatic atomizer [13]. A 

disadvantage of this method is the limited liquid flow rate 

because of the very small orifice diameters required to 

maintain a high charge to volume ratio. Multi-orifice 

atomizers can be used to ameliorate this issue, but this 

arrangement may result in a variable charge distribution 

from one jet to the next, making prediction of the global 

spray characteristics difficult [14]. Combination of the 

charge injection mode with a co-flowing air-blasting mode 

of atomization is therefore useful to enable an assisted 

mode of atomization on top of electrostatic charge, while it 

is also more practical for burners for lean operation. 

The purpose of this study is to investigate a hybrid 

electrostatic and air-blast atomization technique. The first 

section describes the design and features of this injector and 

evaluates its spray current characteristics against a similar 

point-plane charge injection atomizer designed by [15]. 

Spray images for various liquid jet velocities and Weber 

numbers are subsequently shown along with spray angle 

measurements to ascertain the basic operation of the 

atomizer. These are then followed by a brief selection of 

results highlighting the potential effects of charge on the 

fluctuations of velocity in the centreline of the flow. 

2. The Atomizer 

The atomizer is a combination of a traditional co-axial air-

blast component and a point-plane electrostatic atomizer as 

shown in Figure 1. The design features a long high voltage 

brass needle placed at a designated distance (L) from an 

electrically grounded nozzle tip. The liquid is then allowed 

to flow between this gap, where it acquires charge. Above a 

particular threshold voltage, the charge injected into the 

liquid will be sufficient enough to influence the atomization 

of the jet (resulting in a high current in the spray). The 

charged jet will come out from the injector and flow 

coaxially within the air stream, which is generated by the 

air-blast part of the injector. The design of the injector 

allows adjusting the inter-electrode gap to control the 

electric field between the HV electrode and the grounded 

nozzle. For this study, a 250 micron orifice (D) and a fixed 
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inter-electrode gap L/D=2 were used. Locally available 

Diesel was used as the dielectric fluid, the properties of 

which and a detailed working principle of the electrostatic 

stage of the atomizer can be found in [13]. The maximum 

applied potential ranged from 4 kV to 7 kV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic of the hybrid air-blast and 

electrostatic atomizer. 

2.1 Electrical performance of the atomizer 

The amount of charge injected by an electrostatic atomizer 

per unit time is referred to as the total current, which is a 

combination of leakage current (lost to ground) and spray 

current (carried out by the liquid into the spray). One 

common way of assessing the performance of an injector is 

by measuring its spray current, as higher spray currents are 

indicative of improved atomization [1]. The threshold 

voltage for this injector (where spray current increased 

significantly with voltage) at the chosen L/D was found to 

be -3 kV and measured by gradually increasing the applied 

voltage from zero to a point where the spray current starts 

to register on the picoammeter. A Spellman SL series high 

voltage supply was used to supply the high voltage and the 

spray current was measured using a Keithley model 6485 

Picoammeter, which is capable of measuring a maximum 

current of 20 mA and minimum of 2 nA. 

 

Figure 2: Spray current vs. voltage measurement for both 

the present atomizer and for data obtained from [15]. 

Figure 2 shows the spray current measured for this 

particular injector with and without air-blast cases, 

alongside data obtained from [15]. As we can see both the 

spray current measurements follow the same trend and are 

in the same order of magnitude. Differences in the precise 

value of spray current are to be expected [1] and are a result 

of using different Diesel, where previous work has shown 

significant differences in spray current between UK Diesel 

and US Diesel [15] as well as different electrode materials. 

The charge is also influenced by the sharpness of the 

electrode, however the result here confirms succesful 

operation of the electrostatic stage with and without 

airblast. 

3. Results and Discussion 

3.1 Spray shape and spray cone angle 

Qualitative images were taken using a DSLR camera 

having an exposure time 1/60s and exposure compensation 

of -3, to investigate the spray shape and spray cone angle 

for various applied potentials, jet velocities, and Weber 

numbers. Figure 3 shows the spray as a function of air 

velocity and charge level for a liquid jet velocity U=12.9 

m/s. It is evident that at zero Weber number and zero 

applied voltage, namely 1A, a spray is not formed (dripping 

mode only). The gradual increase in air velocity leads to 

fragmentation of the liquid jet with fine droplets formed in 

a roughly conical shape, clearly visible in Figure 3 (1B and 

1C). By implementing charge, starting from 2 to 4 in Figure 

3, the spray quality increases substantially for both the 

Weber numbers tested. Application of charge not only helps 

to increase the dispersion of the spray but also generates a 

higher number of small droplets, that tend to concentrate 

around the periphery of the spray. 

To examine the effect of charge more quantitatively, the 

spray cone angles are calculated using an in-house Matlab 

code which is a combination of a simple image post-

processing code and width measurement code. Initially, the 

RGB image is converted into a grayscale image. 

Subsequent to this, based on the average light intensity, a 

threshold was applied to obtain a binary image. Finally, the 

spray width was calculated by finding out and applying a 

polynomial curve fitting on the nonzero elements for the 

left and right edges of the binary image. Figure 4 shows the 

effect of changing the applied voltage level on the spray 

cone angle. It is noticeable that the spray cone angle 

increases with increasing charge, and this happens 

regardless of the liquid jet velocities. The results show that 

the addition of charge is promising towards improving 

dispersion and downstream mixing even when significant 

aerodynamic forces are present. However, the use of charge 

in increasing spray cone angle is more effective in low 

Weber number cases, and therefore it is expected that the 

effect of charge diminishes at very high We numbers, 

though an increase in the liquid injection pressure or 

decrease in orifice size to increase the spray specific charge, 

could be implemented to avoid this issue. 
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Figure 3: Global images of the spray in hybrid mode: from 

left to right We=0,5,10 and from bottom to top applied 

voltage=0,-4,-5,-6 KV. The liquid jet velocity was 

maintained as U=12.9 m/s. 

3.2 Flow field and droplet size characteristics 

A commercial dual-component laser/phase Doppler 

anemometry system (TSI Model FSA 3500/4000) was used 

to measure droplet sizes and velocities. At each 

measurement point, 10000 samples were taken to ensure 

statististical convergence. Further operational and 

functional details along with uncertainties and errors related 

to this particular PDA system can be found in [16-17]. 

Measurements here are only presented for the case U=12.9 

m/s and V= 7 kV at approximately 30 mm downstream of 

the atomizer exit where the mean axial velocity is 

maximum, which is approximately in the centerline of the 

spray. Figure 5 shows the rms of velocity fluctuations for 

both axial (5A and 5B) and radial (5C and 5D) velocities at 

the centerline for five subranged data points. The Y-axis of 

Figure 5 shows rms of velocity fluctuations (axial on top 

row and radial on bottom row) normalized by rms 

fluctuations for droplets in the range of 0-10 μm, which is 

closely representative of gas phase [16]. The X-axis 

presents the mid-point of each sub-range group.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Spray cone angle plotted vs. the spray specific 

charge for a liquid jet velocity of 12.9, 11.07, and 9.4 m/s 

for three different exit Weber numbers 
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From Figure 5, it is visible particularly for We=5 that the 

employment of charge (right column of Fig. 5) seems to 

make all droplet size subranges less responsive to the gas 

phase. This could be indicative of the influence of the local 

electric field on altering the local dynamics of the droplets, 

though this requires further study to be fully understood. 

This effect seems to be more dominant with the radial 

fluctuating component (bottom row), and this would be in 

agreement with previous work which demonstrated that the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Local rms fluctuations of axial and radial 

velocities at the centerline normalized by the gas phase 

velocities plotted vs. the midpoint Diameter of five droplet 

size subranges: 0-10 µm, 10-20 µm, 20-30 µm, 30-40 µm, 

40-50 µm. 

radial electric field is at least an order of magnitude greater 

than that of the axial electric field generated by the charged 

droplets at the centerline [18]. The normalized rms values 

for both axial and radial velocities are also found more 

sensitive towards charge for low Weber number cases, 

which is also consistent with the global spray images 

presented. 

 

4. Conclusions 

This paper has presented a new burner geometry that 

enables the injection of unipolar charge into a dielectric 

liquid jet, which is simultaneously exposed to aerodynamic 

shear. Initial characterization has been presented here for 

Diesel, but the burner can also be operated with a range of 

other dielectric liquids including Kerosene and various Bio 

and Synthetic fuels. From the experimental results of the 

present study, by changing the applied voltage, the liquid 

jet velocity and Weber number the following conclusions 

are obtained. 

    Under a “hybrid” (airblast + EHD) mode, the 

spray cone angle clearly increases by increasing 

specific charge over the range of studied Weber 

numbers and jet velocities. However, lower Weber 

number cases are found more sensitive to charge 

    Measurements of the RMS of axial and radial 

components of the velocity fluctuations at the 

spray centerline demonstrate that EHD has the 

potential to effect local droplet dynamics even in 

the presence of a coaxial air flow. 

Future work will focus on detailed measurements of the full 

droplet size and velocity distributions to characterize the 

atomizer as well as testing combustion characteristics in a 

piloted burner geometry. 
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Abstract 
The disintegration of a liquid jet into a spray by a fast gas stream is a process known as air-blast atomization and is widely used 

for many practical processes. The successive steps of atomization from the initial instabilities to the eventual formation of 

droplets remain the subject of debate. This paper demonstrates a quantitative approach in which jet instabilities can be measured 

from the use of two-dimensional high speed microscopic backlit imaging. It was determined through image processing that the 

liquid jet interface develops two stages of acceleration before jet-breakup. The accuracy of the image processing was verified 

and deemed suitable for calculating parameters such as the liquid jet wavelength, amplitude, and acceleration. These are useful 

parameters for the correlations of liquid jet breakup with downstream droplet/ligament statistics.   
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1. Introduction 

In atomizers, a liquid jet or sheet issues from a nozzle as a 

continuous body of fluid and then inter-facial instabilities, 

oscillations and perturbations start to develop between the 

gas and liquid streams. These instabilities can amplify in 

magnitude under favorable conditions and cause the liquid 

jet to disintegrate into ligaments. This process is commonly 

referred to as primary atomization [1]. 

The instabilities occurring on the surface of a liquid jet have 

been a subject of investigation for over a century. Earlier 

work utilized linear stability analysis [2] to determine key 

flow characteristics such as downstream droplet diameter 

and jet breakup length [3]. Unfortunately, these correlations 

are only applicable to idealized, symmetric flow conditions 

in which the breakup mechanisms are predominately 

determined by surface tension forces. In most practical 

applications of atomizers, these correlations are insufficient.  

For the case of coaxial air blast atomizers in which the liquid 

jet is injected with a co-flowing annulus of air, there are 

several parameters that influence the atomization process 

[4]. As the liquid jet interface interacts with the gas phase, 

the combination of velocity and density gradients leads to the 

formation of instabilities at the liquid-gas interface. While 

the relative role of Kelvin-Helmholtz and Rayleigh-Taylor 

type instabilities is not clear, such instabilities grow and 

propagate as they advect downstream leading to jet 

disintegration. The ligaments which form from primary 

atomization would ultimately fragment and subsequently 

disperse to form a dilute spray, largely comprised of 

spherical droplets, downstream of the atomizer nozzle. This 

is one of the many modes of development for a liquid jet and 

is commonly be seen in membrane-type breakup regimes of 

sprays [5].   

In practice, it is often quite difficult to determine the mode 

of development of the liquid jet from an intact core to a 

polydispersed population of droplets and in most cases, it can 

be a combination of several types of instabilities which exist 

over a wide range of non-dimensional parameters. For 

example, the “flapping” instability [6] in which an atomizing 

liquid jet is destabilized over a large scale in comparison to 

its nozzle diameter can be found in membrane, pulsating and 

super-pulsating breakup regimes [7,8]. Through previous 

experimental correlations [9] of various quantities such as 

liquid breakup length or wavelength sizes of instabilities, it 

is clear that a universal way of describing the primary 

atomization process for coaxial air blast atomizers requires 

further work.  

This paper aims to provide measurements of the initial 

instabilities occurring in a biodiesel liquid jet subjected to a 

co-flowing high-speed airflow and to statistically determine 

the key characteristics of primary atomization at the near-

field regime of this coaxial air blast atomizer.  

2. Experimental apparatus 

The coaxial air blast atomizer (SYNSBURN™) used to 

investigate the atomization process is illustrated in Figure 1. 

A 17-gauge needle (ID = 1.067 mm, OD = 1.473 mm) ejects 

liquid coaxially with an air blast tube (ID = 10mm) 

illustrated with the red and blue arrows respectively. This 

burner is centered within a 180 x 180 mm wind tunnel 

providing a homogenous wind speed of 5 m/s [11]. The fluid 

employed here is biodiesel which consists of a short carbon 

chain length saturated fatty acid ester [10] and is referred to 

hereon as B1. The mass flow rate of the air blast and the 

liquid loading of biodiesel can be changed to develop a wide 

range of non-dimensional parameters. The two-dimensional 

high speed macroscopic backlit imaging is set up as 

illustrated in Figure 2.  

 

Figure 1: Diagram of atomizer (modified from [11]). 
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Figure 2: Top view illustration of the imaging system. Two 

5 kHz lasers are split and directed to the center of two opal 

diffusers utilizing reflective mirrors. The diffused light 

provides illumination for the high speed cameras. 

The imaging system consists of two 5 kHz 532nm Edgewave 

Nd-YAG lasers which are diffused through a series of opal 

glass diffusing optics that provide the illumination for a 

specified region in the spray. The spray characteristics are 

captured by two high-speed LaVision HSS6 cameras which 

are coupled with long-distance QM100 microscopes to 

provide a 3.56 mm x 3.56 mm image with a 768 x 768-pixel 

resolution (4.6 µm/pixel). A LaVision high-speed controller 

with DaVis imaging software enables 4 images to be 

captured. The four images consist of two angles (high-speed 

cameras 1 and 2, referred to hereon as HSC1 and HSC2) at 

two different  periods, Δt, which ranges from 5µs to 30µs 

depending on the speed of the flow. For each axial location, 

2000 images are recorded for each frame.    

2.1 Parametric analysis 

To investigate the jet instabilities developing downstream, a 

set of inlet parameters were chosen such that the jet breakup 

length would be several axial locations downstream from the 

nozzle exit. These parameters, as well as the associated fluid 

properties, are listed in Table 1. 

Table 1: Flow parameters. 

Property Value 

B1 Liquid Density, ρL (kg/m³) 877 

Air Density, ρG (kg/m³) 1.2047 

B1 Viscosity, µL (Ns/m²) 1.99·10-3 

Air Viscosity, µG (Ns/m²) 1.8205·10-5 

Surface Tension, σ (N/m) 0.025 

Liquid Jet Exit Velocity, UL (m/s) 0.96 

Air-blast Exit Velocity, UG (m/s) 28.85 

To categorize what is occurring at the near field break up and 

atomization of the biodiesel, several non-dimensional 

parameters can be calculated. The key non-dimensional 

numbers [9,12] are given as: 

𝑅𝑒𝐺 =
𝜌𝐺𝑈𝐺𝑑𝐺

𝜇𝐺

, 𝑅𝑒𝐿 =
𝜌𝐿𝑈𝐿𝑑𝐿

𝜇𝐿

,   

𝑀 =
𝜌𝐺𝑈𝐺

2

𝜌𝐿𝑈𝐿
2 , 𝑚 =

𝑚𝐿̇

𝑚𝐺̇
  

𝑊𝑒𝑅 =
𝜌𝐺(𝑈𝐺 − 𝑈𝐿)2𝑑𝐿

𝜎
 

Firstly, we have the liquid and gaseous Reynolds number, 

and as Table 2 illustrates the co-flowing air is a turbulent jet 

whereas the liquid jet is laminar. As a result, the instabilities 

occurring on the laminar jet are largely due to a large slip 

velocity between the fluid and the gas causing a shear force 

acting on the gas boundary layer. In addition, there is the 

momentum flux ratio (M) which has been shown to provide 

strong correlations with the break-up length of the liquid 

core, with a lower M generally indicating longer breakup 

lengths [13]. The mass flux (m) provides similar insight. 

Lastly, there is the aerodynamic Weber number (WeR), 

which is the ratio of the aerodynamic forces respective to the 

stabilizing surface forces acting on the liquid surface.   

Table 2: Non-dimensional calculations. 

Non-dimensional parameter Value 

ReG 2812 

ReL 450 

M 1.25 

m 0.2 

WeR 40 

 

3. Results 

3.1 Qualitative observations of near-field primary 
atomization 

The flow conditions described in §2.1 were captured 

utilizing the two high-speed cameras and are depicted in 

Figure 3. Each frame represents one axial location which has 

been normalized by the co-flowing ID of 10mm (x/D). It is 

clear by observation of the fluid flow that there are several 

complex mechanisms occurring during the breakup of the 

liquid jet. Firstly, the jet develops helical waves at the surface 

which propagate downstream in both speed, and amplitude. 

As these waves reach a critical size, sheet thinning occurs 

(approximately at x/D =0.7) in which the jet is stretched into 

thin liquid sheets and ultimately results in membrane-like 

breakup [9]. The length of the liquid jet at that breakup 

location fluctuates and can significantly vary in location due 

to the chaotic nature of the process. As the jet breaks due to 

primary atomization, secondary atomization occurs in which 

additional break-up [14] creates large ligaments and droplets 

which develop interfacial instabilities (see highlighted circle 

in Figure 3). Ultimately, the ligaments and larger liquid 

objects will deform into spherical droplets further 

downstream, where spherical droplets can be identified by 

x/D=2.0. 
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Figure 3: Instantaneous flow visualization of HSC1 (left) 

and HSC2 (right) of the jet breakup. The images are of 

different axial locations and are selected individually from 

different runs of the experiment.  

 

3.2 Quantitative near field jet breakup 
characteristics 

Data from the high-speed camera pairs are obtained through 

in-house image processing code written in Matlab. Firstly, 

the background noise of the camera is reduced by a low-pass 

Gaussian filter and the image is binarized utilizing a 

predetermined background threshold. Previous work [15,16] 

has demonstrated the suitability of binarization towards 

analysis of fragment statistics both for spherical and non-

spherical objects. Here, the primary focus is on the region 

highlighted in the yellow box in Figure 3 in which there is a 

single intact jet as the focus is on wave instability analysis. 

As the frame reaches x/D=1.0, the binarization process does 

not lend itself to calculate the wavelength and wave speed, 

given that the identification of a liquid-air interface becomes 

increasingly difficult due to the membrane-like nature of the 

jet.  

 

Once correctly binarized, the liquid jet boundary is extracted 

from each image. This is achieved by tracing the region 

boundaries of the liquid jet utilizing the bwboundaries 

function in MATLAB. From the jet boundary, the peaks of 

the waves can be identified and tracked through the time 

difference of laser 1 and 2 set by the high-speed controller.  

Figure 4 illustrates the process. The solid wave represents the 

crest (circle) and boundary of a wave as it propagates 

downstream captured at 200µs. After 5-30µs (set by the high 

speed controller) a second image is captured shown as the 

dashed boundary in Figure 4. The axial and radial location of 

the peak can then be recorded which provides sufficient data 

to determine velocity and acceleration. This is repeated  for 

2000 images for both high-speed cameras at a set axial 

location. The wave speed was measured at x/D=0.7 for both 

HSC1 and HSC2. Figure 5 illustrates that the overall average 

wave characteristics as indicated in the probability density 

function are very similar as measured from the two cameras. 

HSC1 peaks at a normalized wave speed of Uz = 1.93m/s and 

respectively for HSC2 Uz = 1.73m/s, which is within the 

expected margin of error [15,16]. Measurements from both 

angles have a similar positive skewed distribution of 

velocity. This indicates that while average wave parameters 

such as velocity or acceleration are not dependent on the 

view angle of the spray, parameters such as instability 

wavelengths could benefit from multiple angle imaging 

systems.  

 
Figure 4: Liquid jet boundary development and tracking of 

wave crest location. The solid boundary represents the 

wave captured at 5 kHz and the dashed boundary is the 

same wave 5-30 microseconds after (adjusted by highspeed 

controller). 

 
Figure 5: Probability density function of normalized wave 

crest velocity at x/D=0.7 for both high-speed cameras.  
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Figure 6: Probability density function of normalized wave 

crest velocity through primary atomization.  

 

To determine the wave speed and comment on how it 

develops downstream, a similar process is used for three 

axial locations; x/D =0.13, 0.4 and 0.7 respectively. At each 

location, the wave speeds were calculated for both HSC 1 

and HSC 2. Figure 6 demonstrates that as the wave is 

progressively perturbed by the instability forming on the 

surface, the wave crest increases in speed. From the figure, 

it is clear that each location has a dominant wave speed 

denoted by the peak of the pdf. This peak corresponds to a 

normalized value of Uz=1.28m/s, Uz=1.43m/s and Uz = 

1.85m/s from the first to last axial location respectively. 

Furthermore, the first two axial location distributions are 

positively skewed following a similar shape with a slight 

increase in normalized velocity. This illustrates that as the 

liquid jet exits the needle, the velocities of the waves 

accelerate due to the surrounding gas flow over what seems 

to be a narrower range that is likely less influenced by 

aerodynamic forces. However, once the wave crests begin to 

experience higher aerodynamic drag forces from the 

surrounding air-flow due to their change in wavelength and 

amplitude, they can accelerate further, and result in a broader 

distribution of wave speeds. This is indicated in Figure 6 at 

x/D=0.7 where the probability density function shifts into a 

broader shape with a much larger characteristic peak velocity 

in comparison to the previous axial locations.   

 

An analysis of the wave speed just before jet breakup was 

also manually conducted in which peaks were traced frame 

by frame to ensure the validity of the results at each axial 

location. It was determined that the average wave speed at 

approximately x/D=0.7 was Uz = 1.89 m/s with a standard 

error of the mean as 0.01m/s which is consistent with the 

characteristic peak value of the pdf at that location. 

Therefore, the method used in calculating wave speed can 

provide reasonably accurate results for the liquid jet in co-

axial atomizers. 

 

 

 

 

 

 

4. Conclusions 

This paper provides an experimental method capable of 

capturing the primary atomization process for an air-blast 

atomizer. It utilizes two high-speed cameras coupled with 

long-distance microscopes to provide high-resolution data of 

the near field regime of the atomizer. This data can be 

correctly processed and analyzed to obtain accurate and 

statistical data of key characteristics of the liquid jet such as 

the wave speed and acceleration. 

To the best of the authors’ knowledge, this is one of very few 

contributions to provide quantitative statistics of wave crest 

speeds in the primary atomization region of a spray. The 

liquid jet undergoes a transition in wave speed before it 

becomes unstable and breaks up into ligaments and droplets. 

Future work will include investigation over a wider non-

dimensional space. 
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Abstract 
This study investigated the real-time NOx emissions from a heavy-duty diesel truck and a bulk carrier ship. The test road 

vehicle was driven on a combination of a flat and hilly route from Brisbane to Toowoomba that covered urban, rural and 

motorway driving. On-board ship emissions were measured on the sea from the port of Gladstone to Newcastle. NOx 

emissions from both engines were compared and analysed to understand the influence of engine parameters as well as route 

variables and power transmission on NOx emissions. Results from these measurements show that truck NOx emissions 

increased with the engine power and speed however a significant NOx emission can be seen during the idling condition while 

producing low power. On the other hand, ship NOx emissions followed an approximate cubic relationship as a function of 

engine RPM that is completely different from that of the truck. 

 

Keywords: On-road emissions, On-board ship emissions, NOx emissions, Air pollution. 

 

1. Introduction 

Diesel engines are widely used in on-road and marine 

transportation for their outstanding power generation, fuel 

economy, durability and high thermal efficiency [1]. 

Combustion of fossil fuels causes a significant amount of 

gaseous and particle emissions that contribute to global 

greenhouse emissions, air pollution, and human health risks 

[2], [3]. NOx emissions contribute to smog formation, can 

causes various respiratory problems, heart disease, and 

exacerbation of asthma. Road vehicle and marine transport 

are historically major sources of air pollution in urban and 

coastal areas. Improving air quality is a primary concern for 

most of the countries.  

The International Maritime Organization (IMO) has 

implemented regulations to control the shipping emissions 

and US Environmental Protection Agency (EPA) and the 

European Union are implementing regulations to control 

the pollutants from diesel engine emissions. In European 

emission standards, the emission characteristics of vehicles 

are performed through laboratory tests. The test is 

performed using a chassis-dynamometer and the vehicle is 

driven through a predefined test-cycle (New European 

Driving Cycle, NEDC). During the test cycle, the vehicle is 

run at different operating conditions and the exhaust 

emissions are sampled using different gas analysers to 

measure the pollutants in the exhaust stream [4], [5]. On-

road vehicle driving is categorised as steady-state and 

transient cycles. The steady-state cycle can evaluate the 

vehicle engine performance and emission behavior at a 

specific range of operating conditions with a minimum 

engine speed time profile variation. Laboratory tests allow a 

wide range of operating conditions and repeatability. On the 

other hand, the transient cycle with varying speed is often 

carried out to obtain emission data from on-road driving 

[5], [6]. Some transient cycles like the worldwide 

harmonised light vehicles test cycle (WLTC) may be the 

representations of on-road measurements, however, 

vehicles vary depend on types, uses, and so many other 

factors, also one single cycle may not represent the real 

road driving emissions [7]. Vehicle driving parameters such 

as speed, acceleration, deceleration, stopping and gear 

shifting are important factors for emission measurements 

[8]. In this case, real driving emission testing can provide 

more realistic data than engine test bench or chassis-

dynamometer [9], [10]. Moreover, in some cases, real 

driving emission testing found much higher values than that 

of the test bench. Based on the real driving measurements 

on 541 diesel cars, Euro 6 vehicles emissions were on 

average 4.5 times higher than Euro 6 limit and Euro 5 

vehicles were 4.1 times higher than the limit [11], [12]. The 

engine emissions are influenced by both engine internal 

factors such as engine operating conditions, driving 

parameters, exhaust after-treatment systems and external 

factors including ambient air and temperature. These 

factors cannot be completely achieved in a test bench setup. 

In the case of ship emissions, three major measurements 

methods are available, known as onboard measurements, 

test-bed measurements and ship plume-based measurements 

[13]. Testbed measurements investigate the exhaust 

emissions at a wide range of engine load conditions and a 

variety of fuel types can be used [14]. This allows a 

detailed understanding of emission characteristics at a wide 

operating range. On the other hand, ship plume-based 

measurements may provide insights about the emission 

characteristics from ship plume [15], it is not convenient 

due to the uncertainties and high cost. Therefore, onboard 

ship emission measurements are necessary for the complete 

investigation of realistic emission factor [13], [16]. There 

are very few on-board measurements which have been 

performed and more investigations are necessary to 

improve the data quality and emission factors. The major 

emission source for the ship is the main engines (MEs) 

which are used for the ship propulsion. Most of the main 

engines are slow speed, two-stroke marine diesel engines, 

using heavy fuel oil (HFO) and having a maximum 
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operating speed up to 300 rpm. On the other hand, the 

smaller auxiliary engines (AEs) are used to generate 

electricity especially when the ships are stationary and at 

berth in ports near to the locality. Therefore, emissions 

from auxiliary engines significantly contribute to residential 

areas of air pollution. Auxiliary engines are generally 

medium or high-speed marine diesel engines (engine speeds 

500-2500 rpm) with an estimated power output 30-3000 

kW [17]. In road-transport application, diesel engines are 

classified as light duty (power range 52.2 to 126.8 kW), 

medium duty (power range 126.8 to 186.4 kW) and heavy-

duty (power range greater than 186.4 kw). The gross 

vehicle weight rating (GVWR) is, for light duty (less than 

14541 kg), medium duty (14541 kg to 24608 kg) and 

heavy-duty (more than 24608 kg). Heavy-duty diesel 

vehicles tend to operate in both urban and localized areas 

are responsible for ambient air pollution. Moreover, 

shipping-related emissions are contributing to air pollution 

especially in coastal areas and cities. According to the study 

of Eyring et al., more than 70% of ship emissions have been 

found up to 400 km inland [18]. Therefore, a combined 

study is required for both types of engines to understand the 

emission behavior and influencing factors. The findings 

will contribute to updating the existing policy by 

considering both emission sources to maintain air quality.  

The aim of the current study is to investigate the engine 

performance and NOx emissions from a large bulk career 

ship through on-board measurement and a heavy-duty truck 

equipped with NOx after-treatment system through real 

driving emission measurements to get insights on emission 

behaviour relying on engine types and applications.  

2. Experimental method and setup 

2.1 On-board ship emission measurements 

The measurements were conducted on October and 

November 2015 in a bulk carrier ship on the voyage from 

port Gladstone to Newcastle. HFO was used as the fuel and 

the fuel properties were obtained from the bunker delivery 

receipt and laboratory analysis [13]. The specifications of 

the ship and engine are given in table 1. Two sampling 

points were created in the exhaust line after the 

turbocharger of the main engine. The position of the 

sampling points was approximately 0.2 m downstream from 

the turbocharger. The measuring instruments were installed 

on a deck in the machinery room. The first sampling point 

was for particle measurements, where raw hot exhaust flow 

was directed through a dilution system. The second 

sampling port was used for the gaseous exhaust 

measurement. The concentration of the gases including 

nitrogen oxides (NOx) in the raw exhaust gas was measured 

using a Testo 350 XL portable emission analyser through a 

dilution system. The length of the exhaust sampling line 

was around 1.2 m and the exhaust flow rate was around 

0.98-1.2 standard liter per minute (SLPM). Engine 

performance data such as engine power, fuel consumption, 

engine revolution, and exhaust gas temperature were 

measured by ship instrumentation. The schematic of 

exhaust sampling line is given in figure 1. 

Table 1: The specifications of the ship and the engine. 

Owner of the ship CSL Australia 
Build year 2002 

Engine type 2-stroke, single acting, cross 

head, marine diesel engine  

Output and revolution 6880 kw and 102 rpm 
Number of cylinders and bore x 

stroke 

6 and 500 x 1910 mm 

 

Figure 1: The schematic of  the ship exhaust sampling line. 

2.2 Real-time truck emission measurements 

The experimental investigation was conducted on a K200 

Kenworth Truck equipped with an SCR NOx after-

treatment system. The truck was driven from Brisbane to 

Toowoomba both in the flat and hilly route that covered 

city, motorway and rural route to perform the 

measurements. The specifications of the test vehicle and 

engine are given in table 2. The gaseous emissions were 

measured using an ECM miniPEMS system that contains 

NOx, O2, exhaust temperature, exhaust pressure sensors, 

OBDII and GPS. The measured data was stored to an SD 

card. The sensor used for the NOx measurement was a 

ceramic exhaust sensor manufactured by ECM (Engine 

Control and Monitoring). The precision of the sensor from 

the manufacturer specification id ± 5 ppm (0-200 ppm), ± 

20 ppm (200-1000 ppm) and ± 2.0 % (>1000 ppm). Two 

NOx sensors were connected to the exhaust pipe before and 

after the SCR catalyst to measure the NOX concentration in 

both conditions. A pressure sensor and a temperature were 

also connected to the exhaust pipe to obtain the exhaust 

pressure and temperature data. The PEMS also connected 

with the truck’s ECU to record the engine performance data 

and vehicle parameters. The schematic of the exhaust line is 

given in figure 2.  

Table 2: The specifications of the test vehicle and engine. 

Test vehicle model K200 Kenworth 
Engine Cummins ISXe5 

Engine type 4-cycle, in-line, 6 cylinder, 
Turbocharged/charge air cooled 

Compression Ratio 17.2:1 
Cylinder bore and stroke 137 x 169 mm 

 

Figure 2: The schematic of the truck exhaust line. 

102



3. Results and discussion 

The NOx emissions obtained from the real-time 

measurement from two different types of the heavy-duty 

diesel engine are presented below. The truck trip covered 

city road, motorway, rural road; also, there was a variation 

in altitude (maximum height 700 m and minimum height 56 

m). There was a frequent shifting of the driving parameters 

such as gear engagement, acceleration, deceleration, hard 

acceleration, cruising due to traffic condition. All these 

parameters have meaningful influences on vehicle 

performance and emissions. On the other hand, marine 

engine operation is comparatively stable compared to road 

vehicle engine.  

Figure 3(a) and (b) show the NOx emissions before and 

after the SCR catalyst. Variation in color represents the 

change in NOx quantites and white region indicates no data 

points. NOx emission is high at relatively higher engine 

speed and low power. However, at idling condition while 

the engine is producing less power NOx emission is 

highest. The catalyst NOx conversion is better at all 

conditions excepts the idling condition. There is still high 

NOx there that can be seen in figure 3(b). NOx emission 

after the SCR at idling condition are limited due to low 

exhaust temperature. NOx emission strongly influenced by 

combustion temperature, which in the case of ship the 

engine power correlates strongly with exhaust temperature 

and hence NOx emissions(figure 3(c)). Ship NOx data 

follows an approximate cubic curve related to the 

specialized ship application where the engine is directly 

mechanically coupled to the propeller with no gear box. 

This result is speed power relationship of form Power ∞ 

RPM3 due to the thrust co-effficent characteristics of a 

propeller. This is significantly in contrast to NOx 

characteristics in the pre-catalyst measurements from the 

truck which has a gear box ((figure 3(a)). 

NOx emission with respect to engine speed rate (RPM/s) 

that is calculated by the equation (ΔRPM/Δt) is shown in 

figure 4 (a),(b),(c). The variation of engine speed is much 

higher in the truck engine than marine engine due to the 

wide range of driving dynamics and route variables. One 

thing is common in both engines that high NOx emission 

can be seen at stable conditions. Truck engine repeatedly 

switches gears for the acceleration, deceleration, stopping 

due to the traffic conditions and route variables. Ship 

engine speed is almost stable during the whole course and 

NOx emissions increases with the engine power.  

 

(a) 

 

(b) 

 

(c) 

Figure 3: NOx emission with engine speed and power (a) 

truck engine before SCR catalyst, (b) truck engine after 

SCR catalyst, (c) ship engine. 

 

(a) 
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(b) 

 

(c) 

Figure 4: NOx emission with engine speed rate (rpm/s) and 

power (a) truck engine before SCR catalyst, (b) truck 

engine after SCR catalyst, (c) ship engine. 

4. Conclusion 

The current study presents the real-time NOx emission 

measurements of a modern heavy-duty truck and a bulk 

carrier ship. The truck covered urban, rural and motorway 

driving on both flat and hilly route and ship emission 

measured during the voyage on the sea. The study has 

shown that there is a significant difference between the 

NOx emission behavior of the on-road and seagoing 

vehicle.  The measurements also showed that on-road NOx 

emissions is significantly high at idling condition. 

However, ship NOx follows an approximate cubic 

relationship. 
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Abstract 
Fluidisation of sand particles and consequently their mixing with biomass particles have significant effects on bio-oil 

production in bubbling fluidised bed reactors (BFBR). Minimum fluidisation velocity (MFV) which is a function of particle 

size, is an important factor that shows the lower limit for the velocity of fluidising media in BFBR. The fluidising media is an 

inert gas (usually nitrogen) that carries vapour products towards the reactor outlet. Increasing the carrier gas velocity shortens 

the residence time and hence the secondary reactions are minimised. This maximises the production of bio-oil as a favourable 

product. However, increasing the nitrogen velocity is only favourable up to a certain limit, called the maximum effective 

velocity (MEV). If the nitrogen velocity exceeds MEV, the sand and unreacted biomass particles are thrown out of the reactor 

that negatively affects the bio-oil production. This study performs computational fluid dynamic (CFD) simulations for biomass 

fast pyrolysis process in a 2-D standard lab-scale BFBR to analyse how MEV varies as the sand particle size increases. The 

model is first validated by the experimental data. Then, a parametric study is conducted for the carrier gas velocities in a range 

of 0.3-1.1 m/s for different particle sizes, i.e. a range of 0.4-1 mm for sand particles and a range of 0.2-0.5 mm for biomass 

particles. The model shows the MEV changes as the particle size increases although its trend significantly differs from the 

MFV.  

Keywords: CFD, Biomass, Bubbling fluidised Bed, Fast pyrolysis, Bio-oil. 

 

1. Introduction 

The extraction and use of fossil fuels have drastic 
consequences for the planet. Climate change is arguably 
one of humanity’s biggest issues today and causes negative 
effects all over the Earth. There is also a limited supply of 
fossil fuels that cannot be replenished, once it has been 
extinguished. The estimated depletion time for oil is 
approximately 35 years, and for coal, it’s 107 years [1, 2]. 
These reasons alone show the drastic changes towards more 
sustainable fuels for the future. Manufacturing and usage of 
bio-oil is an alternative process for replacing fossil fuels, 
particularly crude oil. However, biomass-derived fuel 
systems are still expensive and hence optimising the 
existing systems is essential to further maximise the 
economic and environmental benefits of bio-oil production. 
Any form of organic matters available on Earth can be 
classified as biomass. This includes wood, agricultural 
products (as well as their waste by-products), aquatic plants 
and algae, both terrestrial and aquatic animals, and human 
waste [4, 5]. Organic matters also benefit from their carbon 
neutrality since the carbon dioxide used to grow organic 
matters in the photosynthesis process, is released back into 
the atmosphere as they are burned. This is known as the 
carbon cycle. In contrast to fossil fuels, the energy provided 
using organic matters does not add or take away carbon 
from the cycle [5, 6].  

Pyrolysis is one of the main thermochemical processes that 
convert biomass to bio-oil. It decomposes materials at 
moderate temperatures with a short residence time of 
vapours in an inert atmosphere and it is a favourable 
process for the production of bio-oil [6, 7]. The three main 
products of biomass decomposition are solid biochar, non-
condensable gases, and liquid bio-oil. There are multiple 

reactors that have been designed for bio-oil production 
using the fast pyrolysis process [5, 9-12]. Among them, 
bubbling fluidised bed reactor (BFBR) is the most popular 
design due to its straightforward applications and high 
production of bio-oil yield. In a typical BFBR, heat carriers 
that have high conductivity (i.e. sand particles) are initially 
packed. The feedstock is injected from the side of the 
reactor while an inert carrier gas (usually nitrogen) flows 
from the bottom of the reactor. Nitrogen plays two major 
roles. Firstly, it fluidises the sand particles that allows 
mixing of hot sand and cold virgin biomass particles and 
provides the required heat for thermal decomposition of 
biomass. Secondly, it carries the products towards the 
reactor outlet.  

Various operating parameters that affect bio-oil percentage 
have been numerically studied in recent years [5, 9, 13, 14]. 
The results confirmed that operating temperature has a 
significant effect on the bio-oil production and the optimum 
range of temperature for the maximum production is 773–
800 K. For temperatures above 800 K, the secondary crack 
occurs which converts condensable vapours to non-
condensable gases, decreasing the bio-oil yield. Particle 
size is also a key influencing parameter. If the heat rate is 
not sufficient to penetrate the biomass core, more unreacted 
biomass accumulates inside the reactor since the 
intraparticle temperature gradient is higher for larger 
particles. It was also found that feedstocks with higher 
contents of cellulose that are preheated up to 400 K, result 
in a higher rate of bio-oil yield.  

The previous study [5] showed higher carrier gas velocities 
increase bio-oil production. However, it is not still clear 
how the optimum velocity varies as the particle size 
increases. It obviously becomes more difficult to fluidise 
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larger sand particles [14] and hence, a minimum 
fluidisation velocity (MFV) is defined as a function of 
particle size to ensure the fluidisation occurs. On the other 
hand, higher carrier gas velocities shorten the residence 
time of condensable vapour. This reduces the possibility of 
the secondary crack of condensable vapours to non-
condensable gases, increasing the bio-oil yield. However, 
there are upper limits for the carrier gas velocity. If the 
nitrogen velocity exceeds a certain limit, which is called 
maximum effective velocity (MEV), sand particles are 
pushed out of the reactor bed that negatively affects the 
mixing between sand and biomass particles. It has been 
demonstrated that the heat transfer between biomass and 
sand particles is maximised if the cold virgin biomass 
particles are surrounded by hot sand particles of larger size 
[5]. High carrier gas velocities may also cause removing 
small and low-density biomass particles from the reactor 
bed which is not desired. Hence, it is important to 
effectively select the carrier gas velocity to ensure that 
adequate time is provided for mixing between sand and 
biomass particles, and biomass and sand particles are not 
removed from the reactor.  

In this study, computational analysis is performed to 
understand the effects of the carrier gas velocity on the 
product yields as the sand particle size varies. For this 
purpose, the fast pyrolysis process in a 2-D standard lab-
scale bubbling fluidized bed reactor (BFBR) is numerically 
studied. The model is first validated against the 
experimental data and then a parametric study is performed 
to analyse the optimum values of the nitrogen velocity for 
different sand and biomass particle sizes. 

2. Methodology 

The simulations are performed using Ansys Fluent V18.0. 

A Eulerian-Granular approach is adopted for the 

simulations. The method is a combination of the Multi-

Fluid Model (MFM) and a chemical solver for 

reactions/kinetics of biomass particles. A brief description 

of the method is given in this section.  

2.1 Multi-fluid Model 

The MFM treats all phases as a continuing sequence of 

reactions, or as an inter-penetrating continuum [5, 14]. Each 

phase and their exchange of mass, momentum, and heat, are 

analysed, as well as the chemical reactions between phases. 

The primary phase is considered as the gas phase, which 

consists of three different species; nitrogen, condensable 

vapour, and non-condensable gases. There are usually 

multiple secondary solid phases which are biomass and 

sand phases in this study. They consist of seven species for 

the biomass phase including virgin cellulose, virgin 

hemicellulose, virgin lignin, active cellulose, active 

hemicellulose, active lignin, and biochar, and one species 

for the sand phase. For each phase, the conservation 

equations for volume fractions are derived. These equations 

are then used to model the drag and heat correlations 

between phases, as well as to describe the solid phase 

properties in the form of granular flow. The phase volume 

fractions provide the linkage between the phases whereas 

granular values including temperature, pressure, viscosity, 

etc. are obtained using the kinetic theory of granular flow 

(KTFG). A detailed description of the models can be found 

in Refs [9, 14, 17]. 

2.2 Chemical kinetics of a single biomass particle 

The biomass fast pyrolysis process occurs in an inert 
atmosphere and hence it rapidly decomposes into biochar, 
condensable vapour, and non-condensable gases. Detailed 
chemistry models are still challenging due to the 
complexity of the chemical reactions and the lack of 
information on the formation of intermediate species, [4, 
15]. In this study, a superimposed reaction kinetics based 
on multi-component multi-step reaction kinetics is adopted 
to simulate the biomass fast pyrolysis process [16]. As 
shown in Fig. 1, virgin biomass converts to active biomass 
which then converts to biochar, condensable vapour and 
non-condensable gases. In the secondary reaction, 
condensable vapours react to form non-condensable gases 
which increase as the residence time of vapours increases 
[16]. The biochemical structure of biomass is a function of 
a lignocellulosic compound; 

Biomass= α Cellulose+ β Hemicellulose+ γ Lignin 

(1) 

where α, β, and γ represent initial mass fractions of the 

species. The reaction rate constants are then calculated 

using  

ki=Ai exp[-Eai/(RT)]  (2) 

where ki is the rate constant for the reaction “i”, Ai and Eai 

are the Arrhenius constant and activation energies, 

respectively, R is the gas constant, and T is the temperature 

in Kelvin. The kinematic parameters are presented in Table 

1 whereas the thermophysical properties are shown in Table 

2. The chemical reactions do not include the sand phase and 

nitrogen as they are inert. Nitrogen is included in the gas 

phase and it contributes to partial pressure [5]. In the 

simulations, the incompressible ideal gas model equates the 

density of the gas phase species and granular models are 

adopted to obtain the viscosity of species in the solid phase. 

3. Experimental Validation 

The numerical simulations are first validated against the 

measurements conducted for a standard lab-scale BFBR 

[17]. A schematic configuration of the experimental test rig 

is shown in Fig. 2. The reactor bed temperature and 

nitrogen velocity are 773K and 0.36 m/s, respectively. The 

sand particles have a diameter of 520 μm and they are 

packed to a height of 5.5 cm with a volume fraction of 0.59. 

The biomass particles have a dimeter of 400 μm. The 

biomass feedstock is red oak with an initial composition of 

(α,β,γ)=(0.41,0.32,0.27). The pre-treatment temperature of 

the red oak is 300 K with a feed-rate of 100 g/h. A non-slip 

condition is applied for the walls. Similar to the experiment, 

the reactor’s walls have a temperature of 800 K to a height 

of 8 cm that mimics the external heating. The mesh has 

2055 cells, leading to an acceptable level of accuracy [5]. 
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Figure 1: Chemical reaction scheme for pyrolysis of a 

lignocellulosic biomass  

Table 1: Reaction kinetics for biomass fast pyrolysis [17]. 
Components Reaction A 

(s-1) 

E 

(MJ/kmol) 

Heat 

release, 

(kJ/ kg) 

Cellulose k1c 2.8 × 1019 242.4 0 

 k2c 3.28 × 1014 196.5 255 

 k3c 1.3 × 1010 150.5 -20 
Hemicellulose k1H 2.1 × 1016 186.7 0 

 k2H 8.75 × 1015 202.4 255 

 k3H 2.6 × 1011 145.7 -20 
Lignin k1L 9.6 × 108 107.6 0 

 k2L 1.5 × 109 143.8 255 

 k3L 7.7 × 106 111.4 -20 
Tar k4 4.25 × 106 108 -42 

 

Table 2: Thermo-physical properties of each species [17] 

Species Density 

ρ (kg/m3) 

 Molecular weight 

(g/mol) 

Heat Capacity 

Cp (K/kg K) 

Dynamic viscosity 

μ (kg/m s) 

Thermal 

conductivity 

k (W/m K) 

Condensable -  100 2500 3 × 10-5 2.577 × 10-2 

Non-condensable -  30 1100 3 × 10-5 2.577 × 10-2 

N2 -  28 1121 3.58 × 10-5 5.63 × 10-2 

Biomass 400  * 2300 - 0.3 

Biochar 2333  12.01 1100 - 0.1 

Sand 2649  60.08 800 - 0.27 
* The molecular weights are 162.14, 132.11, 208.21 for cellulose, hemicellulose and lignin, respectively.  

 

 

Figure 2: 2-D set up of the BFBR model for CFD analysis 

(all dimensions are in millimetres) 

Once statistically steady-state conditions are achieved, the 

time-averaged yields are computed by analysing the outflux 

yields of each biomass by-product. The unreacted biomass 

is computed as a leftover percentage of the three by-

products. The predicted product yields are compared with 

the measurements in Table 3, confirming that the predicted 

biochar and non-condensable gases agree well with the 

measurements. Although condensable vapour is slightly 

under-predicted, the agreement is still satisfactory. The 

percentage of the observed discrepancy between the 

predicted and measured values are 12.8, 6.3, and 4.6 for 

condensable, non-condensable, and biochar, respectively. 

4. Results and discussion 

Simulations are performed for a wide range of particle size 

and carrier gas velocities to identify the optimum velocity 

as a function of the sand particle and biomass particle size. 

The range of sand particle size is 0.4-1 mm whereas 

biomass particles are in a range of 0.2-0.5 mm. The carrier 

gas velocity varies between 0.3 and 1.1 m/s. In all 

simulations, other operating parameters are the same as the 

base case given by the experiment [17]. In total, 32 

simulations are performed to conduct the parametric study. 

The highest efficiency of the thermochemical conversions 

is obtained when a larger portion of the biomass is 

converted into products. Fast pyrolysis is the most 

favourable process for the production of a high-quality bio-

oil and hence the optimum values for the carrier gas 

velocity are those that result in minimum unreacted 

biomass and maximum bio-oil yield.  

Figure 3 presents bio-oil and unreacted biomass yields as a 

function of the nitrogen velocity for different sand particle 

sizes. The nitrogen velocity is normalised by the MFV for 

each particle size. Increasing the carrier gas velocity 

initially enhances bio-oil production and reduces unreacted 

biomass. However, a further increase in the nitrogen 

velocity has negative effects on bio-oil production while it 

increases the amount of unreacted biomass. A similar trend 

is observed for all particle sizes, confirming there is an 

MEV for each size. Figure 4 illustrates the variation of 

MFV normalised by MEV values as the sand particle size 

increases. The ratio between MEV and MFV decreases as 
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the particle size increases. With increasing the sand particle 

size, the MFV and MEV increase however their ratio 

decreases. It can be seen that initially there is a steep 

reduction in MEV/MFV while it becomes less sensitive as 

the particle size increases and a further increase from 0.8 

mm to 1 mm marginally changes the ratio.  

Table 1: The percentage of product yields for fast pyrolysis 

of red oak  
Components CVa NCGb BCc UBd 

Experiment [17] 71.7 ± 1.4 20.5 ± 1.3 13 ± 1.5 - 
Simulation 62.5 19.2 13.6 4.7 
aCV: Condensable Vapour     cBC: Biochar 
bNCG: Non-condensable Gases   dUB: Unreacted Biomass 

 

Figure 3: (a) Bio-oil yield and (b) unreacted biomass 

variation with carrier gas velocity  

 
Figure4: The ratio of MEV/MFV with respect to sand 

particle size 

5. Conclusions 

Fast pyrolysis process was numerically studied in a 

standard 2-D lab-scale bubbling fluidized bed reactor. The 

model was validated against the experimental data of red 

oak fast pyrolysis, demonstrating good agreement between 

the predicted and measured values. The effect of particle 

sizes (sand:0.4-1 mm, biomass: 0.2-0.5 mm), and carrier 

gas velocity (0.3-1.1 m/s) on the fluidisation and the 

product yields were analysed. The results proved that 

similar to the minimum fluidisation velocity, there was an 

upper limit velocity, called maximum effective velocity 

(MEV), that maximised the bio-oil yield production and led 

to minimum unreacted biomass. It was found that when the 

carrier gas velocity exceeded the MEV, sand and unreacted 

biomass particles were thrown out of the reactor, leading to 

a reduction in the bio-oil production.  
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Abstract 
This paper presents a shadow position mixing model developed in the Multiple Mapping Conditioning (MMC) framework for 
LES/PDF modelling of turbulent premixed flames. The developed model provides localness of mixing in composition space by 

enforcing locality in a shadow position space and uses an adjustable diffusion coefficient proportional to the turbulent 

propagation speed so that the flame surface in shadow position space approximates the ensemble position of the premixed flame 
front in physical space. In the current paper, the performance of the proposed model is assessed by a hybrid Euler/Lagrange 

simulation of a piloted premixed methane-air jet flame (flame F3) experimentally studied by Chen et al. [1]. The selected flame 

is located in the thin reaction zone regime. For this purpose, three sets of numerical simulations are performed by setting the 
average number of particles per LES cell to 10, 20 and 40, respectively. The reasonable agreement obtained between the 

simulation results and the experimental data demonstrates the capability of the developed shadow position mixing model for 

LES/PDF modelling of turbulent premixed flames in the flamelet regime. 
 

Keywords: Turbulent Premixed Combustion, Multiple Mapping Conditioning, Shadow Position Mixing Model 

 

1. Introduction 

Development of less polluting and more efficient 

combustion devices is essential for decreasing the harmful 
impacts of burning fossil fuels on the environment. 

Notwithstanding the emergence of lean premixed 

combustion as a promising technology for reducing pollutant 
emissions and increasing the efficiency of combustion, this 

mode is prone to combustion instabilities. Therefore, careful 

investigation of physical processes that occur in premixed 
turbulent flames is of prime importance for the development 

of cleaner combustion devices [2]. Nowadays, numerical 

simulations are an indispensable tool for the design and 
analysis of combustion devices. Nevertheless, a numerical 

study of turbulent combustion is not a trivial task due to the 

existence of a wide range of time and length scales. Although 
Direct Numerical Simulation (DNS) can be used to resolve 

all the relevant scales of turbulent reacting flows, utilisation 

of this method requires substantial computational resources, 
and it is not feasible for industrial applications. To alleviate 

this problem, Reynolds Averaged Navier-Stokes (RANS) 

and Large Eddy Simulation (LES) techniques are proposed, 
wherein the averaged flow quantities and large-scale flow 

motions are resolved, respectively.  

Despite the resolution of large, energy-carrying flow 
structures, LES of turbulent premixed combustion is still a 

challenging task because the chemical source terms are 

highly nonlinear and the molecular mixing of species 
happens at the subgrid scale [2, 3]. Various methodologies 

have been proposed for modelling turbulent premixed 

combustion such as geometrical flamelet approaches, e.g. 
level-set/G-Equation based models [4],  the thickened flame 

[5] and flame surface density approaches [6], the statistical 

flamelet approach [7] and Transported Probability Density 
Function (TPDF) approaches [8-12]. The prominent 

advantage of the TPDF methods is that the nonlinear 

chemical source terms appear naturally in closed form in the 

governing equations, and, unlike flamelet methods, are 

derived independent of the flame regime and can be applied 
to nonpremixed, partially premixed and premixed turbulent 

combustion. Nonetheless, the micromixing term in the PDF 

transport equations requires modelling [13, 14]. The 
essential characteristics of a micromixing model are the 

conservation of scalar means, accurate prediction of the 

scalar variances’ decay rate, linearity and independence, 
Gaussianity in homogeneous turbulence and localness in 

scalar space. In this respect, various micromixing models, 

e.g. Interaction by Exchange with the Mean (IEM), 
Coalescence and Dispersion (CD), Mapping Closure (MC), 

Euclidean Minimum Spanning Tree (EMST), Multiple 
Mapping Conditioning (MMC), Shadow Position Mixing 

Model (SPMM) and Parameterized Scalar Profile (PSP) have 

been developed [13, 14]. 

Although the incorporation of finer computational grids 

should make LES less sensitive to the performance of 

micromixing models [13], applications of conventional 
micromixing models, e.g. IEM and CD, to thin premixed 

flames is problematic due to the potential for non-physical 

mixing of burnt and unburnt species across the flame front 
that is not resolved in LES [9]. Therefore, a micromixing 

model which can enforce localness relative to the flame front 

should be developed for these flames. MMC is a suitable 
framework for the development of such a model as therein, 

mixing is local or conditioned in a mathematically 

independent reference space [9, 14, 15]. In nonpremixed 
flames, mixture fraction is used as the reference variable for 

enforcing localness, and Cleary and Klimenko developed a 

sparse MMC based TPDF model for LES wherein one 
stochastic particle per 30 LES cells was sufficient for 

obtaining promising results in LES of nonpremixed turbulent 

flames [16, 17].  
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In premixed combustion, however, the mixture fraction 

cannot be used as the reference variable since burnt and 
unburnt gasses with similar mixture fractions and different 

compositions may exist in different sides of the flame front. 

To circumvent this problem, Straub et al. [9] developed an 
MMC model that conditions mixing on the reaction progress 

variable and coupled it with an artificially thickened flame 

model for LES/PDF modelling of premixed flames.  
Sundaram et al. [18, 19], on the other hand, developed a 

shadow position reference variable for modelling 

micromixing in the MMC framework. The proposed model 
is altered from the original SPMM model proposed by Pope 

[20] by introducing an adjustable diffusion coefficient 

proportional to the turbulent propagation speed. Therefore, it 
enforces mixing localisation in a shadow position space and 

makes the flame surface in shadow position space 

approximate the ensemble position of the flame front in 
physical space. In the current paper, the MMC-shadow 

position mixing model is implemented within the mmcFoam 

package [15] and is used for LES of the turbulent piloted 
premixed methane/air flame F3 that is experimentally 

studied by Chen et al. [1].  Flame F3 is primarily in the thin 

reaction zone regime near the flamelet region [1], and is 
previously studied by means of LES using the G-Equation 

model [4], the thickened flame approach [5], Lagrangian [8, 

11] and Eulerian [10, 12] TPDF approaches and the 

statistical flamelet approach [7].  

In the rest of this paper, at first, the LES/PDF methodology 

and the MMC-shadow position mixing model are briefly 
discussed in Section 2. Afterwards, results obtained for three 

LES/PDF simulations of F3 flame are presented and 

discussed in Section 3. Finally, conclusions are given in 

Section 4.  

2. Methodology 

The mmcFoam package utilises a hybrid Euler/Lagrange 
approach for LES/PDF modelling of turbulent premixed 

combustion. Eulerian schemes are used for numerical 

discretisation and temporal integration of the mass and 
momentum conservation equations to obtain filtered 

pressure, filtered velocity and turbulent diffusivity fields. In 

the LES simulations, the Smagorinsky model and the PISO 
algorithm are used for subgrid modelling and pressure-

velocity coupling, respectively [15].  After that, integrated 

Eulerian fields are interpolated to particle locations, and 
Lagrangian particles are evolved using a fractional step 

scheme based on the traditional set of stochastic Ito 

equations which are complemented with additional 
stochastic differential equations for the shadow position 

reference variable. 

2.1 MMC – shadow position mixing model for 
premixed combustion 

Stochastic Ito equations used for evolution of Lagrangian 

particles in physical space as well as the change of their 

composition as the result of mixing and reaction are: 

𝑑𝒙𝑃 = [�̃� +
1

�̅�
∇(�̅�𝒟𝑒𝑓𝑓)] 𝑑𝑡 + (√2𝒟𝑒𝑓𝑓) 𝑑𝒘𝑥

𝑝
 (1) 

𝑑𝜙𝛼
𝑃 = [𝜔𝛼(𝛟𝑝) + 𝕊(𝜙𝛼

𝑃)]𝑑𝑡 (2) 

In Eqs. 1 and 2, the superscript p indicates a stochastic 

quantity, overlines . ̃and . ̅denote Favre and conventionally 

filtered quantities, 𝑼 represents the velocity vector, 𝜌 is the 

density, 𝒟𝑒𝑓𝑓  is the summation of molecular and subgrid-

scale diffusivities, 𝑑𝒘  denotes the independent Wiener 

process vector and 𝜔𝛼  and 𝕊  represent chemical reactions 
and the molecular mixing process, respectively. The 

modified evolution equation of the shadow position vector is 

given by 

𝑑𝝃𝑃 = �̃�𝑑𝑡 +
𝒙𝑃 − 𝝃𝑃

𝜏𝜉

+ (√2𝒟𝜉) 𝑑𝒘𝜉
𝑝
 (3) 

where 𝜏𝜉, which is known as the flame span parameter, is a 

characteristic time scale that is computed dynamically in the 

current work as equal to the subgrid turbulent timescale, and 

𝒟𝜉  is the diffusion coefficient of the shadow position 

variable. Therefore, the accurate prediction of the structure 

of the flame depends on the proper adjustment of 𝒟𝜉 . 

Sundaram and Klimenko [19] proposed that 𝒟𝜉  can be 

calculated as: 

𝒟𝜉 = 𝒟𝜆2 (4) 

where 

𝜆 = 𝑢𝑡 𝑠𝑙⁄  (5) 

In Eqs. 4 and 5,  𝒟 is the molecular diffusivity, 𝑠𝑙  denotes the 

laminar flame speed and 𝑢𝑡  indicates a measure of the 

turbulent propagation speed. In the current work, 𝜆 is set as 

a fixed parameter equal to the ratio between the turbulent and 

laminar flame speeds, which are set to be equal to 3.895 𝑚 𝑠⁄  

and 0.4 𝑚 𝑠⁄ , respectively. It can be observed that unlike the 

original shadow position mixing model developed by Pope 

[20], where 𝒟𝜉 is directly linked to the turbulent diffusivity, 

here 𝒟𝜉  is an adjustable parameter proportional to the 

turbulent propagation speed to make the flame surface in 

shadow position space approximate the ensemble position of 

the flame front in physical space [19]. To emulate the effects 
of molecular mixing on the PDF, particles are mixed toward 

their weighted mean using a modified CD algorithm [15], 

and a k-dimensional tree is used to minimise the average 
effective distance between all particle pairs to enforce 

localness. The effective distance between particle pairs is 

calculated as: 

�̂�𝑝,𝑞
2 = ∑ (

𝑑𝑥𝑖

𝑝,𝑞

𝑟𝑚 √3⁄
)

23

𝑖=1

+ ∑ (
𝑑𝜉𝑗

𝑝,𝑞

𝜉𝑚 √3⁄
)

23

𝑗=1

 (6) 

In Eq. (6), 𝑑𝑥𝑖

𝑝,𝑞
 and 𝑑𝜉𝑗

𝑝,𝑞
  indicate the distances between 

particle pairs in physical and shadow spaces, respectively, 

and 𝑟𝑚 and 𝜉𝑚 are model input parameters that represent the 

characteristic mixing distances in physical and shadow 

spaces. These parameters can be tuned such that the localness 
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is enforced more in one space at the expense of localness in 

the other one.  

3. Results and Discussion 

3.1 Simulation Setup 

Flame F3 consists of a central jet composed of a 
stoichiometric methane/air mixture at room temperature with 

a diameter of 12 𝑚𝑚 and the bulk velocity, 𝑈0, of 30 𝑚 𝑠⁄  

corresponding to a jet Reynolds number of 24200. The 

centerline turbulent kinetic energy of the jet, 𝑘0, is equal to 

3.82 𝑚2 𝑠2⁄ . The central jet is surrounded by a large pilot 

stream that flows through an array of 1165 holes whose 

diameter is 1 𝑚𝑚 with the exit velocity of 84 𝑐𝑚/𝑠 [1]. The 

pilot is modelled as an annulus with a thickness of 28 𝑚𝑚 

and the bulk velocity of 1.32 𝑚/𝑠. 

The computational domain is a cylinder with length and 

diameter of 15 and 10 jet diameters, respectively, wherein 1 
million hexahedral computational cells are generated to 

achieve a grid size of 0.5 𝑚𝑚  near the jet and pilot 

boundary. Zero pressure gradient boundary conditions are 

applied at the inlets, and fixed total pressure boundary 

conditions are used at the domain sides and the outflow. A 
separate pipe flow simulation is performed to obtain realistic 

boundary conditions at the inlet for the central jet. The 

boundary conditions for the pilot are set at the temperature 

of 1785 𝐾  to account for heat losses. In the Eulerian 

simulations, temporal integration is performed using the 
second-order backward scheme. For spatial discretisation of 

diffusive and convective terms, Gauss scheme and a TVD 

method are incorporated, respectively. The timestep size is 
obtained by using a CFL number of 0.3 in the simulations, 

and for calculating the chemical reaction rates, a two-step, 

six-species methane/air reaction mechanism is used [21]. 

Three sets of numerical simulations are performed to 

investigate the effect of the average number of Particles Per 

Cell (PPC) on the mixing distances in shadow position space 
and the accuracy of the results by setting 10, 20 and 40 PPC. 

In the simulations done for the current paper, localness is 

enforced exclusively in shadow position space, and the 

characteristic mixing distance in shadow space, 𝜉𝑚, is set to 

be equal to 0.00035 𝑚. Particles are sorted based on their 

distances in shadow position space such that the existence of 
the adequate number of particles ensures that the mixing 

distance between particle pairs in shadow position space and 

the possibility of non-physical mixing of burnt and unburnt 

species in the vicinity of the flame front is minimised. 

3.2 Results 

Figure 1 shows the PDF distribution for the particles’ mixing 

distance in shadow position space, 𝛿𝜉𝑚𝑖𝑥. For the sake of 

clarity, the abscissa is normalised by the laminar flame 

thickness, 𝛿𝑙𝑓, in this figure. The mixing distance between 

particle pairs in shadow position space is calculated as: 

𝛿𝜉𝑚𝑖𝑥 = √∑ (𝑑
𝜉𝑗

𝑝,𝑞
)

2
3

𝑗=1

3⁄  (7) 

and 𝛿𝑙𝑓  is equal to 0.175 𝑚𝑚  [1]. Samples used for 

generating the PDF distributions depicted in Fig. 1 are 

obtained from 5 different time steps for each simulation from 

particles with methane mass fractions in the range of 

0.001 < 𝑌𝐶𝐻4
< 0.0551 to neglect particles which do not 

participate in chemical reactions. By integrating the area 

under the PDF curves illustrated in Fig. 1, it is found that the 
probabilities of obtaining mixing distances in shadow 

position that are less than the laminar flame thickness are 

41%, 53% and 65% respectively for simulations performed 
using 10, 20 and 40 PPC. Figure 2 depicts the time-averaged 

and instantaneous temperature contours at  0.076 𝑠  at the 

mid-plane of the computational domain.  It reveals that, 

excluding a slight difference in the flame length, the flame 
structure for simulations using 10, 20 and 40 PPC are quite 

similar.  

 

Figure 1: PDF distribution  of mixing distance in shadow 

position space  

Figure 2: Time-averaged (top) and instantaneous (bottom) 

temperature contours at time = 0.076 (s) 

Figure 3 shows the mean radial profiles of the normalised 

turbulent kinetic energy, normalized axial velocity, progress 

variable and species mass fractions at four different locations 
throughout the flame. In this figure, mean turbulent kinetic 

energy and mean progress variable are obtained as: 

〈𝑘〉 =
∑ 〈𝑢𝑖

′2
〉3

𝑖=1

2
+ 〈𝑘𝑠𝑔𝑠〉 (8) 

〈𝐶〉 =
〈𝑇〉 − 𝑇𝑢

𝑇𝑏 − 𝑇𝑢

 (9) 
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where 〈. 〉  and 𝑘𝑠𝑔𝑠  indicate the time averaging procedure 

and subgrid-scale turbulent kinetic energy, and 𝑇𝑢 and 𝑇𝑏  are 

298 𝐾  and 2248 𝐾,  respectively [1]. From the results 

illustrated in Fig. 3, it is observed that the burning rate is 

slightly over-predicted at 𝑥/𝐷 = 2.5  and 𝑥/𝐷 = 8.5  and 

this results in a steeper rise in the mean radial progress 
variable profile and a slight over-prediction of the jet’s 

width. Nonetheless, the predicted progress variable profiles 

are in good agreement with experimental data for all of the 

performed simulations at 𝑥/𝐷 = 4.5, and 6.5 in the flame 

region as the observable differences between the 
simulations’ results and experimental data occurs in the co-

flow region. Results obtained for the mean profiles of the 

turbulent kinetic energy shows substantial underprediction, 
which we believe to be due to excessive dissipation of the 

Smagorinsky model. Predicted statistics for the species mass 

fractions are also in a good agreement with the experimental 

data, and the considerable underprediction of the CO mass 

fraction could be the result of inaccuracies in the two-step 
chemical reaction mechanism. Future simulations with 

detailed kinetics schemes will investigate this issue in detail. 

Figure 3: Mean radial profiles of the turbulent kinetic 

energy, axial velocity, progress variable and species mass 

fractions  

Comparisons obtained using 10, 20 and 40 PPC indicates 

that the predicted mean profiles are very close to each other. 
Moreover, it can be observed that the flame surface in 

shadow position space has followed somewhat closely the 

ensemble of the flame front in physical space; thereby 

forming a thicker front. Future simulations, especially with 

larger mixing distances in shadow position space, will be 
performed to investigate the performance of the model 

further.  

4. Conclusions 

A newly proposed shadow position mixing model developed 

in the Multiple Mapping Conditioning (MMC) framework 

has been incorporated for the LES/PDF simulation of 
premixed flames using a hybrid Euler/Lagrange simulation 

methodology. The incorporated model enforces the localness 

of mixing in composition space by enforcing locality in a 
shadow position space. The good agreement obtained 

between the simulation results for a piloted premixed 

methane-air jet flame located in the thin reaction and the 
experimental data has shown that the incorporated mixing 

model is capable of adjusting the shadow position to the 

ensemble position of the premixed flame front and adapting 
the predicted flame structure to the desired premixed flame 

regime.  
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Abstract 
Fire-wind enhancement phenomenon is referred to as an increase of wind velocity through interacting with fire. Wind 

enhancement during bushfire attacks can significantly increase pressure load on buildings and consequently pose a threat to the 

structures built in bushfire prone areas. The aim of this work is to study the effects of point source fire size on fire-wind 

enhancement. For this purpose, the large eddy simulations (LES) are performed for different fire-wind interaction scenarios. 

The simulations are conducted using FireFOAM solver which is an opensource C++ computational fluid dynamic (CFD) 

platform. A module is implemented to the solver to extract individual fire-induced force fields generated due to the fire-wind 

interaction. The effects of fire source size under two different conditions are investigated, namely, constant fire intensity (fire 

heat release rate per unit area) and constant fire heat release rate. The results reveal that increasing the size under constant fire 

intensity amplifies the fire-induced negative pressure gradient and causes a stronger wind enhancement. The LES results for 

different fire size while the fire heat release rate is constant show that the wind enhancement does not substantially change 

along the fire plume centreline downstream of the fire source. However, maximum wind enhancement, being formed 

symmetrically at the two sides of domain centreline, significantly reduces for the larger fire source size. The results also show 

that in both constant fire intensity and constant heat release rate conditions, the region of wind enhancement is expanded with 

the increase of fire source size. 

Keywords: Fire-wind enhancement, fire source size, FireFOAM, LES. 

 

1. Introduction 

Fire-wind interaction has been a focus of interest for many 

years due to the key role of wind in the deterioration of 

natural calamities and industrial accidents. Fire-wind 

interaction is basically a two-way coupling problem. Wind 

influences fire spread [1] as well as flame geometrical 

features such as flame length [2], flame tilt angle [3,4] and 

flame base drag phenomenon [5]. On the other hand, fire 

affects wind aerodynamic features [6]. It has been 

experimentally shown that when the fire flame is exposed 

to the free-stream wind, the wind velocity profile is 

considerably altered downstream of the fire source [7]. 

Computational fluid dynamic (CFD) approach has been 

applied to study the effects of fire on free-stream wind 

velocity, confirming fire significantly increased wind 

velocity at near-ground region downstream of the fire 

source [6,8]. Coanda-effect was taken as the reason behind 

the fire plume attachment to the ground immediately 

downstream of the fire source, whereas buoyancy force was 

recognised as the dominant mechanism to lift the plume 

further downstream of the fire source [8]. Recently, 

Eftekharian et al [9] employed FireFOAM solver [10] to 

conduct large eddy simulations (LES) for fundamental 

analysis of fire-wind enhancement phenomenon. It was 

found that when wind interacted with fire, the fire flame 

was tilted toward wind direction and due to the entrainment 

mechanism, a favourable (negative) pressure gradient was 

generated along the wind direction in the plume region 

which caused the flow acceleration and consequently the 

wind enhancement [9]. For a point source fire, the 

maximum wind enhancement occurred at the location of 

counter-rotating votaries forming downstream of the fire 

source [9]. The numerical studies have been also conducted 

to understand the effects of different parameters such as 

upstream wind velocity, fire intensity and terrain slope on 

fire-wind enhancement. The LES results revealed that 

under constant fire intensity, increasing the free-stream 

wind velocity reduced fire-wind enhancement [11]. In 

addition, the results confirmed that the upslope terrain 

intensified the fire-induced negative pressure gradient, 

while downslope terrain mitigated its value and causes a 

reduction in fire-wind enhancement effects [12]. In spite of 

these studies, there is still gap in our understanding on the 

importance of fire source characteristics. In this study, we 

aim to shed more light on how the size of the point source 

fire influences the fire-wind enhancement.  

2. Model Description 

2.1 Numerical Model 
This study uses FireFOAM solver as a CFD open source 

C++ tool that solves the thermos-fluid governing equations. 

FireFOAM is a solver derived from OpenFOAM platform 

designed for low Mach number fire simulations, allowing 

the user to customise library/solver source codes to serve a 

specific purpose. FireFOAM uses large eddy simulation 

(LES) method to treat turbulent structures and it solves the 

Favre filtered thermos-fluid governing equations, namely, 

continuity, momentum, energy, species, and state equations 

[10, 13, 14] as below: 

 
𝜕�̅�

𝜕𝑡
+

𝜕(�̅��̃�𝑖)

𝜕𝑥𝑖

= 0 
(1) 

𝜕(�̅��̃�𝑖)

𝜕𝑡
+

𝜕(�̅��̃�𝑖�̃�𝑗)

𝜕𝑥𝑗

= −
𝜕�̅�

𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗

[�̅�(𝜈 + 𝜈𝑡) (
𝜕(�̃�𝑖)

𝜕𝑥𝑗

+
𝜕(�̃�𝑗)

𝜕𝑥𝑖

−
2

3

𝜕�̃�𝑘

𝜕𝑥𝑘

𝛿𝑖𝑗)]

+  �̅�𝑔𝑖 

(2) 

𝜕(�̅�ℎ̃)

𝜕𝑡
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𝜕(�̅��̃�𝑗ℎ̃)

𝜕𝑥𝑗
=

𝐷�̅�

𝐷𝑡
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𝜕

𝜕𝑥𝑗
[�̅� (𝛼 +

𝜈𝑡
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𝜕𝑥𝑗
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𝜕�̅��̃�𝑚

𝜕𝑡
+

𝜕(�̅��̃�𝑗�̃�𝑚)

𝜕𝑥𝑗

=
𝜕

𝜕𝑥𝑗

[�̅� (𝐷𝑐 +
𝜈𝑡

Pr𝑡

)
𝜕(�̃�𝑚)

𝜕𝑥𝑗

] + 𝜔𝑚 
(4) 

�̅� = �̅�𝑅�̃� (5) 

 

where the symbols “” and “~” specifies spatial and Favre 

filtering. u is velocity, p is static pressure, h is the specific 

enthalpy, Ym is the mass fraction of species m, and g is 

gravitational acceleration. ν and νt donate the laminar and 

turbulent viscosities, respectively. Dc , α , R, Pr, and δ are 

laminar diffusion coefficient, thermal diffusivity, gas 

constant, Prandtl number, Kronecker delta, respectively, 

whereas ωm is the reaction rate of species m. �̇�′′′'and �̇�𝑟
′′ are 

heat release rate per unit volume (W/m
3
) from chemical 

reactions and the total radiation emission intensity (W/m
2
) 

of the gas mixture, respectively. Momentum equation 

(Eq.2) can be written based on the components of the force 

acting on a fluid parcel: 

 

𝜌�⃗� = 𝜌
𝐷�⃗⃗�

𝐷𝑡
= −∇𝑝 + 𝜌�⃗� + 𝛷 

(6) 

where a is acceleration and Φ is the viscous shear stress 

vector. The first, second and third terms on the right-hand 

side of Eq. 6 indicate the forces due to pressure gradient, 

gravity, and viscous effects, respectively. A module was 

implemented into the FireFOAM solver to extract the 

evolution of these individual forces. FireFOAM uses the 

eddy dissipation concept and the infinitely-fast chemical 

reactions to treat combustion modelling. 

2.2. Geometrical Model 

The computational domain includes a rectangular box with 

the dimension of 60m×18m×30m as shown in Fig. 1. The 

methane is injected with a constant rate from a rectangular 

source with a length of L that mimics the fire source located 

3 m downstream of the inlet.  

 

 

 

 

 

 

 

 

 

Figure1. A schematic view of the computational domain 

where L shows the fire source length. All dimensions are in 

meter. 

 

2.3. Boundary and simulation conditions 
The inlet boundary is defined as the atmospheric boundary 

layer in the form of power-law profile: 

𝑈(𝑍) = 𝑈𝑟𝑒𝑓 (
𝑍

𝑍𝑟𝑒𝑓

)

𝛼𝑡

 

 

(7) 

where Uref and Zref are the reference velocity (3 m/s) and the 

reference height (3m), respectively. αt is the terrain 

coefficient which is determined according to the terrain 

category (here 0.16). Turbulent eddies were generated on 

the mean velocity profile at the inlet using the vortex 

method [15]. Open boundary condition (total pressure) was 

used for the domain top whereas slip boundary conditions 

were prescribed for the domain sides. Outflow boundary 

condition was adopted for the domain outlet. To study the 

importance of the fire source size, the simulations were 

performed for L=0.3 and 0.9 m while the fire intensity 

defined as the heat release rate to the area was kept 

constant. This somehow represents a larger fire in bushfire 

scenarios where increasing the fire source size enhances the 

heat release rate. An additional case with L=0.9 m was 

considered while the initial heat release rate remains 

unchanged and hence the fire intensity decreased. A 

summary of the considered scenarios is presented in 

Table.1 
 

Table1. Simulation scenario description 

 
Scenario 

number (S#) 

Fire source 

dimension (L) 

Fire heat 

release rate 

(MW) 

Fire intensity 

(MW/m2) 

1 0.9 m 5.220 6.44 

2 0.3 m 0.580 6.44 

3 0.9 m 0.580 0.72 

3. Validation and grid sensitivity analysis 

The simulations employed a total grid number of about 4 

million with a grid number of 190, 232 and 75 in X, Y and Z 

direction, respectively. The mesh was refined near the fire 

flame region to reduce the computational cost and 

simultaneously capture more physics of the flow field. We 

have performed a grid-sensitivity analysis in our previous 

studies [9, 12] and a similar grid size near the flame region 

was used in the current study. 

The current study was validated against experimental data 

of McCaffrey [16]. McCaffrey’s experiment [16] includes 

the injection of methane from a fire source with the same 

size as that used in S#2 into still air. The results shown in 

Fig. 2 confirm the validity of the applied numerical model. 

An extensive validation for cross-flow fire interaction 

against other experimental data [7] can be found in our 

previous study [9]. 

 

 

 

 
Figure 2. Comparison of fire plume centerline velocity 

between our numerical model and experimental data of 

[16]. 
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4. Results and discussion 

The simulations were performed for total flow times of 40 

seconds. The transition period for the simulations was 

considered 20 seconds and therefore flow characteristic 

parameters were averaged over the last 20 s of the 

simulation time. 
As discussed in section 2.3, three simulations were 

performed to analyse the effects of fire source size on fire-

wind enhancement under (a) a constant fire heat release and 

(b) a constant fire intensity. 

 

Figure 3 compares the planar longitudinal velocity 

distribution along the centerline (Y=0) for different 

simulation scenarios. The velocity was normalised by the 

reference velocity. Increasing the fire source size while the 

fire intensity is constant (S#1 and S#2) shows that the 

larger the fire source, the stronger the wind enhancement. 

This trend is expected since the larger fire source (0.9m) 

produces fire heat release rate nine times as much as the 

small fire source (0.3m). On the other hand when the fire 

heat release rate remains unchanged while the fire source is 

larger (S#2 and S#3) there is no significant variation in the 

wind velocity enhancement downstream of the fire along 

the domain centerline although the fire intensity remarkably 

reduced.  

To shed more light on the observed behaviour, the cross-

sectional distribution of normalised longitudinal wind 

velocity at X=2.7 m is presented in Fig. 4a. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 3. Comparison of planar normalized longitudinal 

velocity distribution along the domain centerline (Y=0). 

 

 

 

Although changing the fire source size under a constant fire 

heat release rate marginally affects the enhanced wind 

along the centerline, cross-sectional distribution of wind 

enhancement undergoes a substantial reduction when the 

size of fire source increases. The observed reduction in 

wind enhancement can be explained using the pressure 

gradient distributions that reveal the mechanism causing 

fire-wind enhancement. The results are presented in Fig 4b. 

The maximum wind enhancement occurs at the location of 

counter-rotating vortices [9]. Under a constant fire heat 

release rate (S#2 and S#3), the results demonstrate the 

longitudinal fire-induced pressure gradients, generated in 

these locations, decrease as the fire source becomes larger. 

Consequently, the maximum wind velocity enhancement 

reduces with the increase of fire source size. 
Comparison between S#1 and S#2 reveals that a larger fire 

creates stronger fire-induced pressure gradient and 

consequently causes more intensified wind enhancement, as 

observed in Fig. 4.  

Considering all three scenarios indicates that the size of the 

fire source determines the region of wind enhancement by 

fire; the larger the fire source, the larger the wind 

enhancement region. Similar region of enhancement can be 

observed for the simulation scenarios in which the fire 

source size is similar (S#1 and S#3), though the intensity of 

wind enhancement is different due to the combined effects 

of difference in fire heat release rate and fire intensity. Self-

similar solution may exist for the wind enhancement region 

downstream of the fire source which potentially can be the 

subject of future studies. 

 

Figure 5 compares the vertical distribution of normalised 

longitudinal velocity for different cases at the longitudinal 

distances of X=-1.8, 2.7, 3.6 and 5.4 m. The results show 

that in all case, the wind enhancement initially increases  

Figure.4 Cross-sectional distribution of (a) normalized 

velocity and (b) pressure gradient at X=2.7m. 
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until it reaches to the maximum value immediately 

downstream of the fire source and then undergoes a gradual 

reduction further downstream of the fire source. 

 

A similar trend is also observed in Fig. 3. Enlarging the fire 

source size while the heat release rate is constant does not 

significantly affect the wind enhancement along the 

centerline, which is consistent with the trend observed in 

Fig. 3. In contrast, under constant fire intensity, wind 

enhancement is considerably augmented in the larger fire 

source scenario along the centerline, as shown in Figs 3 and 

5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.5 vertical distribution of normalised longitudinal 

velocity at different distances along the domain centerline 

(Y=0) for different simulation scenarios (#1, #2 and #3). 
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6. Conclusion 

 

This study applied large eddy simulations to analyse the 

effects of the size of point source fire on fire-wind 

enhancement under both constant fire intensity and contact 

heat release rate. The main findings of this study can be 

summarized as below: 

1-Under constant fire intensity, increasing of fire source 

size led to a significant increase in wind enhancement. This 

trend was mainly due to stronger fire-induced pressure 

force in the larger fire source scenario. 

2- Under a constant fire heat release rate, with the increase 

of fire size, wind enhancement almost remained unchanged 

along the domain centerline, whereas the maximum wind 

enhancement, occurring symmetrically at the two sides of 

domain centerline, considerably reduced when fire source 

size increased. 

3- The region where the wind was enhanced was expanded 

with the increase of fire source size. Moreover, the fire 

source size determined the shape of wind enhancement 

region. The results showed an almost similar wind 

enhancement region was associated with similar fire source 

sizes, though the extent to which wind was enhanced was 

different due to the change in the fire heat release rate. 
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Abstract 
In this paper we report the structure and stability characteristics of highly-sheared turbulent premixed propane flames 
using joint OH-CH planar laser induced fluorescence (PLIF) imaging. The burner utilized consists of two concentric tubes 
for the main jet surrounded by an annular pilot. Turbulent shear is generated by passing different fractions of the fuel-air 
mixture through the two concentric fuel tubes. The percentage of shear is changed by either changing the velocity 
difference between the two fuel streams or by changing the recess distance between the concentric fuel tubes. The Bunsen-
like flames length shorten, and the flame tip becomes wider downstream with shear rates between the two main jet 
streams. PLIF imaging of OH and CH show that the flame fragmentation rate increases with the increase in the shear rate, 
which explains the appearance of local extinction either in the flame sections near the pilot flame. The number of flame 
segments or number of breaks grows with the rise in the shear rate before settling at specific maximum value. In agreement 
with many previous studies of turbulent flames over many geometries, an increase in the local extinction near blow-off 
is observed.  
 
1 Introduction 
Highly sheared turbulent premixed flames are now 
receiving remain extremely difficult to model because of 
the possible transition in the flame structure between 
regimes of flamelets and possibly broadened zones which 
require a different modelling treatment. Earlier work on 
this topic by Driscoll and co-workers [1] have employed 
a burner that stabilises highly turbulent premixed flames 
of methane-air with values of u’/Sl in the range of 25 to 
243. They have found that preheat zones (marked by 
layers of formaldehyde) may be broadened but at much 
higher turbulence level than originally proposed. 
However, reaction zones (marked by the layers of CH) 
remain relatively thin even at values of u’/Sl higher than 
200. They have then reported a modified version of the 
premixed regime diagram which essentially extends the 
region of relevance of flamelets. The key argument is that 
sufficiently large turbulent diffusivity is required to force 
a broadening in the pre-heat zone.  

Results obtained from our group using a highly sheared 
premixed burner support the conclusions of Driscoll et al. 
[1]. The burner, which is also employed here introduces 
by splitting the premixed fuel-air mixture into two 
concentric streams of different velocities. Measurements 
of PLIF CH-OH have shown that CH layers remain thin 
and comparable to the laminar flame thickness even close 
to breakages in the CH layers at high levels of u’/Sl. The 
paper also reports increasing rate of breakages in the CH 
layers as shear is increased and the flame shortens 
marking an approach to extinction.  

The paper marks a continuation of the earlier work but 
with a different fuel, namely propane-air (we use liquid 
petroleum gas delivered from commercial supplier of LPG 
in a quality-controlled environment, which is about 90% 

propane by volume). The shift to LPG is driven by the 
need to test fuels of higher carbon content but also with 
different levels of molecular diffusivity. Turbulent 
premixed propane/air flames have been tested by Lee et 
al. [2], where the flame surface properties have been 
explored at Lewis numbers varying between 0.98 and 1.86 
with turbulence intensities normalised by the laminar 
flame speed varying from 1.42 to 5.71. Thus, the flame 
structures and thereby flame surface areas and flame 
pocket areas are affected by Lewis number while the 
flame curvature and orientation statistics are determined 
by the turbulence conditions. This paper presents PLIF-
CH-OH imaging in LPG-air flames with an equivalence 
ratio of 0.85 but increasing level of shear. The next section 
describes the experimental set-up followed by samples 
images of the flame structure. Section 4 presents an in-
depth analysis of the flame structure before the 
conclusion. 

2 Experimental Setup  
2.1 Burner setup 

In this paper all the flames reported are stabilized on the 
modified piloted Sydney burner [3-5]. The propane/air 
mixture was split into two annular concentric tubes 
residing within the pilot annulus, the ‘jet’ with inner 
diameter of 2.5 mm and the ‘annulus’ with inner diameter, 
D, of 7.5 mm (0.25 mm wall thickness) as shown in 
Figure 1. In order to have a coflow with a constant speed 
of 15 m/sec, the burner is surrounded by a 150 mm x 150 
mm wind tunnel. The jet inside the annulus can be 
recessed upstream from Lr= 0 cm to 30 cm. 

The burner can generated shear induced turbulence in two 
different ways for a given fixed equivalence ratio, ϕ, and 
bulk velocity, Ub. By varying the diversion ratio, Q, the 
volumetric ratio of the stream flowing in the jet divided 
by the total mixture flow rate of both the annular and the 
jet tubes. The other way is by changing the recess length 
of the jet with respect to the annulus where if Lr = 30 cm 
the burner will act as a homogenous burner since all the 
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mixture will be flowing inside the annulus.  

 
Figure 1: schematic view of the modified Sydney piloted 

jet burner. 

At constant equivalence ratio, ϕ, the growth in the bulk 
velocity, Ub, and in the diversion ratio, Q, will shorten the 
flame length, whereas with enlarging the difference in 
length between the jet and the annulus tubes the flame 
length increases as shown in previous work [6]. A five-gas 
pilot (CO2, O2, C2H2, N2 and H2) is utilized, with an 
unburnt gas velocity of 3.44 m/sec utilized for all cases in 
this study. Both the adiabatic flame temperature and the 
C/H ratio of the burnt pilot gases are the same as that of a 
stoichiometric C3H8/air mixture with a heat release of 2.07 
kW. A summary of the flame conditions explored in this 
paper are summarized in Table 1. 

Table 1: Table of selected flame cases. 

 

2.2 Joint LIF-OH-CH 

A schematic diagram of the high-speed simultaneous CH 
and OH PLIF imaging system used in this experiment is 
shown in Figure 2. A Sirah Credo dye laser is pumped by 
a 120 W Edgewave Nd:YAG laser at 532 nm containing 
DCM in ethanol which forms the CH PLIF system. The 
P1(4) line of the CH C2∑+-X2Π (0,0) system is excited by 
doubling frequency of the 632 nm dye laser output to get 
a UV beam at 315.589 nm. At 10 kHz repetition rate, the 
UV beam pulse energy is 0.2 mJ. A UV laser bandwidth 

full width half maximum of 0.25±0.05 cm-1 is obtained 
from excitation-emission wavelength scans over CH and 
OH transitions near the P1(4) CH transition. Before the 
CH UV beam is focused into a sheet by a 300 mm focal 
length UV lens, it is expanded to a height of 40 mm. A 
knife-scanning technique is used to measure the CH UV 
beam waist at the laser focus to be 210 µm. A two-stage 
LaVision IRO image intensifier coupled to a high-speed 
star 6 (HSS6) camera and two sets of coupled 3-element 
lenses (CVI LAPQ-APMQ) with a clear aperture of 60 
mm are used to collect the CH fluorescence. The CH 
detection system field-of-view (FOV) is 25 mm x 25 mm 
with a projected pixel size of 26.75 µm/pixel. To minimize 
interference, a 300 nm long-pass filter (Semrock 300LP) 
coupled with a 200 ns intensifier gate was applied. For the 
flames selected in this work, the excitation wavelength 
and filter are selected in order to maximize the CH signal-
to-noise ratio whilst minimizing interferences from OH. 

For the OH PLIF, the Q1(6) line of the A2∑+-X2Π (1,0) 
band at 283.011 nm is utilized. A Sirah dye laser 
containing Rhodamine 6G in ethanol is pumped using a 
30 W Edgewave Nd:YAG laser at 532 nm. The UV beam 
at 283 nm with an energy of 0.1 mJ/pulse at a repetition 
rate of 10 kHz is generated by doubling the frequency of 
the dye laser output. Since the focal point of the OH laser 
sheet needs to be matched with the CH laser sheet, after 
the 300mm cylindrical focusing lens, a diverging lens is 
placed after the CH beams has expanded to a height of 40 
mm. The OH excitation beam, which has a 180 µm waist, 
is overlapped with the CH UV beam at the probe volume. 
The OH collection system is identical to the one that is 
used to capture the CH fluorescence, while a 315 ± 10 nm 
bandpass filter is used to capture the OH fluorescence 
signal at 314 nm, thereby rejecting interferences from 
Rayleigh and other spurious scattering processes at 283 
nm. To avoid cross talk of OH LIF generated by the OH 
laser beam onto the CH camera, the OH excitation beam 
is delayed relative to the CH excitation beam by 250 ns. 
The projected pixel size of the OH system is 26.75 
µm/pixel and the FOV is 25 mm x 25 mm. 

 

Figure 2: CH and OH LIF imagining optical layout 
schematic diagram 

A polynomial of 3rd order is used to map the OH and CH 
images as per Soloff et al. [7]. Morning and afternoon 
image mapping process are employed for every data 
collection day in order to ensure a reliable overlap of the 
OH and CH images can be achieved. After image mapping 
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the background and the mean flame chemiluminescence 
were subtraction from each OH and CH image and a 2x2 
pixel binning of the images, to reduce the amount of data 
to be processed and to reduce the impact of read noise on 
the processed image, was applied. The mean flame 
chemiluminescence images were obtained with the laser 
blocked, collected from each flame at the respective 
locations and conditions. A further 2x2 median filter was 
applied to remove the noise from each image after the 
correction for the beam profile inhomogeneity. 

3 Instantaneous Flame Structure 
Figure 3 shows a sample of OH and CH mapped images 
for flames of different shear levels (Q= 0, 0.3 and 0.45) 
and axial locations for recess length of 35 mm at specific 
equivalence ratio (ϕ=0.85) and bulk speed (Ub=80 m/sec). 
For each case two different columns are represented with 
green color for CH signal and pink for OH signal as shown 
the color scale knowing that the results presented here are 
qualitative. Due to the pilot flame, the CH and OH layer 
are adjacent near the jet exit except for 45% shear flame 
which is close to blow-off. The OH broad region is 
anticipated in the pilot stream and further downstream 
because of the hot combustion products. On the other side 
the CH layers are known as thin layers and they provide a 
marker of the OH inner boundaries. The CH layer starts to 
break-up progressively with moving downstream due to 
local extinction or the transmission of local extinction 
occurred in previous flame locations.  

 

Figure 3: Temporal sequence of instantaneous 10 kHz 
images of joint LIF-CH-OH for flames of ϕ=0.85, Ub=80 

m/sec, with Q=0, 0.3, and 0.45. 

4 Image Analysis 
4.1 Edge Tracing Methodology 

A threshold must be applied to the collected images in 
order to draw the edges of CH and OH areas and to 
delineate the relevant information in each image. After the 
basic image processing outlined in section 3 a 

thresholding method is employed. The OH and CH images 
have different features, therefore a different thresholding 
method for each image is employed to produce high 
quality results. A local skeletal tracing method to 
determine the thin CH profiles is used in this study 
following the method developed and outlined by Skiba et 
al. [8]. In Figure 4 a sample image is used to show step-
by-step the method used to obtain the CH layer and 
thickness. 

 

Figure 4: Sample CH image passing through the 
processing method applied to extract the CH skeleton. a) 

Raw image; b) background and chemiluminescence 
correction applied; c) using a 2x2 median filter; d) 

expressing the local maximum as skeleton. 

Ohtsu et al. [9] expanded an automatic thresholding 
method that looks over each OH image and apply a 
threshold that uses Fukunaga et al. [10] analysis to peak 
the discriminant criterion. The OH images are binarized 
and the OH boundary is determined after applying the 
combined Ohtsu et al. [9] and Fukunaga et al. [10] 
methods. The OH boundary is only the inner unburned 
side of the flame as shown in Figure 5. This method 
cannot be used with CH images because it will produce 
erroneous fragments. The length of the OH and CH edges 
is then determined after applying the OH boundary tracing 
and the CH skeletal tracing. 

 

Figure 5: Reading out the OH boundary after the 
binarisation of the image. 
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4.2 Frequency of Flame Breakages 

The CH Skeleton is extracted using the procedure 
described in Section 4.1 as well for the OH boundary 
using the automatic threshold method. The number of 
segments in the OH layer is then subtracted from that of 
the CH layer and as a result the number of breakages in 
the CH layer, Nbreak, is calculated manually as shown in 
Figure 6.  

 
Figure 6: CH and OH images are used to show how the 
method works in calculating the number of breakages in 

each image. 

The fragmentation level in the flame can be deduced from 
the number of breakages in the flame front which may 
occur either from local extinction or quenching events. 
The means, for 100 images per axial location, of the flame 
breakages (Nbreak) at different axial locations for two 
different equivalence ratio (ϕ=0.85 and 1.05) flames are 
presented in Figure 7. 

 

Figure 7: Mean Number of breakages, Nbreak, along the 
jet flame downstream. 

5 Conclusions  
The study of the impact of shear rate and equivalence ratio 
of piloted premixed flames using propane as fuel has been 
studied in this paper using joint imaging PLIF imaging of 
OH and CH. The major conclusions of this study are: 

• With increasing shear rates between the two jet 
streams the flame length decreases, and the 
flame tip opens with the flame heat release zone 
transitioning from a conical to a cylindrical 
structure. 

• For increasing shear rates, local extinction starts 
to appear in the flame at regions downstream 
and then with further increases in the shear rate 
local extinction events start to occur near the 
pilot flame. 

• Increasing the rate of turbulent shear increases 
the fragmentation rates and the breakage rates 
with axial locations. 

• In comparison to the results of methane flames 
[6], we can recognize a reduction in the 
fragmentation rates for propane flames. 
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Abstract 
Flashover is the most dangerous stage of compartment fire development. This is a transition from slowly growing to fully 

developed fire, associated with rapid growth of fire size. Primary mechanism for such transition is ignition of all available fuel 

in the compartment by radiation from hot smoke layer formed by the initial, slowly growing fire. Although this mechanism is 

well recognised, its details are difficult to investigate, both theoretically and experimentally. Existing models assume that 

ignition process occurs instantaneously once radiation level in the compartment reaches critical values. Close examination of 

rare experimental data reveals that ignition, in fact may occur in the form of wave propagating across compartment 

combustible load. The aim of the paper is, first to estimate the rate of such propagation from available experimental data. 

Secondly, it seeks to propose a model which captures essential physics of the process and can describe ignition wave 

propagation. Ignition front position, as a function of time is extracted from experimental data. It is found that ignition wave 

accelerates, at least in a particular experiment considered. Non-linear integral equation that describes propagation of such type 

of combustion wave is derived. Equation appears to be rather complicated and will likely require numerical methods for its 

analysis. 

 

Keywords: Ignition Wave, Fire, Flashover 

 

1. Introduction 

Flashover is one of the two (along with fire ignition) major 

instabilities observed in compartment fires. In qualitative 

terms, this is a transition from slowly growing to fully 

developed fire. One of principal mechanisms of flashover is 

ignition of virgin combustible materials by radiation 

emitted from hot smoke layer. The latter is generated by the 

initial fire. More detailed view reveals that ignition of 

virgin material occurs in the form of wave. 

The present paper discusses the basic flashover scenario 

which proceeds through ignition of virgin fuel. The 

mechanism of ignition wave initiation and propagation is 

discussed, along with experimental evidence of this 

phenomenon. The rate of propagation is extracted, for the 

first time, from available experimental data. The theory of 

the phenomenon is presented, in particular the equation that 

governs the spread of ignition wave is derived.   

2. Description of the mechanism 

2.1 Flashover 

Flashover is a very rapid transition from slowly growing 

initial fire to fully developed fire, whose Heat Release Rate 

(HRR) is substantially higher. Generally, flashover is also a 

demarcation point between fuel-controlled and ventilation-

controlled fire burning regimes. Possibility of flashover 

makes compartment fires especially dangerous. 

Obviously, substantial increase of fire HRR requires growth 

in fire area. This may only be achieved via involvement 

(ignition) of virgin (i.e. not involved in the initial fire) 

combustible materials available in the compartment. 

Fire area may grow by different mechanisms. First, flame 

may spread, as a combustion wave, igniting nearby layers 

of solid material. This is a conventional mechanism of 

flame spread over solid fuels, which is observed during 

slowly growing stage of fire. 

Such flame spread is, however too slow to cause sudden 

transition in fire behavior. 

An alternative mechanism which, in fact leads to flashover 

is an ignition of virgin materials by radiation. The latter is 

emitted by hot smoke layer, developed over initial fire. This 

mechanism, if occurs, results in a very quick involvement 

of virgin fuel as radiation fills the compartment rather 

uniformly. 

The sketch of such flashover mechanism is presented in 

Fig. 1. 

 

Figure 1: Flashover development via ignition of virgin 

materials by smoke layer radiation 

Quantitatively, flashover may be correlated with radiation 

levels on the floor of the compartment reaching the values 

of the order of 15-20 kW/m2. Such radiation fluxes are 

sufficient for ignition of most solid combustible materials, 

initially existing at room temperature. 

Another quantitative criterion for flashover is a quick rise 

of compartment temperature to 500-600 ºC. 

Finally, quite often compartment windows gets broken at 

this stage, and flames ejecting from windows into 

surrounding may be seen. This phenomenon is a visual 

indication of flashover. 

X
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The described flashover mechanism has been discussed in 

the literature. For example, Graham et al. [1] presented 

one-equation model for temperature evolution of the smoke 

layer (see also subsequent references to similar models in 

their paper). Novozhilov [2] developed more consistent 

approach using two-variable model where both 

temperatures of the smoke layer and the virgin fuel are 

followed. 

The model [2] allows critical conditions for flashover to be 

predicted in terms of compartment configuration, fuel 

properties and HRR of initial fire. Ignition of virgin 

materials is considered as an instantaneous process in the 

model.  

2.2 Ignition wave during flashover 

Experimental data on flashover are rare due to necessity to 

create relatively well-controlled large scale fires. 

Examination of available evidence reveals that ignition 

process during flashover occurs rapidly but not 

instantaneously. 

Such conclusion is derived, for example, from experimental 

tests conducted by former Fire Research Station (FRS, UK) 

in the course of replicating a Stardust nightclub fire in 

Dublin in 1981. 

FRS created an elongated compartment (similar to short 

tunnel) with one end closed. Number of rows of seats were 

installed on the floor.  

Initial fire was initiated at the closed end of the 

compartment. As initial fire develops and forms smoke 

layer an ignition wave spreading through the seat rows may 

eventually be seen. As the wave travels magnitude of fire 

increases since ignited seats contribute to HRR. 

Exact parameters of the experiment are not known. Basic 

estimation of the speed of propagation of ignition wave 

maybe be obtained, nevertheless from the experiment video 

[3]. 

3. Ignition wave speed from experimental 
data 

In this section we present the result of processing the video 

experimental data [3]. 

Several successive images of high temperature soot-laden 

ceiling jet and ignition wave are presented in Figs 2-5. 

Overall time span of the process visualized in Figs. 2-5 is 

about 25 s. 

The plot of ignition front position as a function of time is 

produced by considering video images in the Figs. 2-5 and 

making estimation of the relative distance travelled by the 

front over specified time intervals. 

 

Figure 2: Ignition wave initiation. Assigned time t=0 s. 

 

Figure 3: Ignition wave propagation, t=13 s. 

 

Figure 4: Ignition wave propagation, t=20 s. 

 

Figure 5: Ignition wave propagation, t=21 s. 

This plot is presented in Fig. 6. Due to apparent limitation 

of estimation accuracy, and the absence of exact parameters 

of the FRS experiment, we are only interested here in the 

qualitative propagation velocity behavior. That is, the major 

question of interest is whether ignition wave accelerates, 

decelerates, or spreads with approximately constant speed. 
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Intuitively, one would expect that flashover is associated 

with acceleratory ignition. 

This intuitive expectation is generally supported by the data 

in Fig. 6. 

 

Figure 6: Estimated position of ignition front, as a function 

of time. 

Fig. 6 is presented in non-dimensional variables where 

distance is normalized by the maximum visible length of 

the region where ignition wave propagates, and time by the 

overall propagation time inferred from the video. 

Overall acceleration of the ignition wave is evident. The 

last section of the curve (from 0.9 to 1.0 in non-dimensional 

time) describes a very short period of time of just several 

seconds. Due to limited accuracy it is difficult to 

distinguish between the linear and non-linear curve 

behavior in this region. Nevertheless, the wave seems still 

be slightly accelerating. It is believed that acceleration 

would be more evident if experimental data beyond this 

point were available. 

4. Basic theory 

4.1 Condition of existence 

Let us assume that initial fire is burning at steady-state rate. 

In order for ignition wave to be initiated, the following 

condition must be met.  

Radiative flux emitted by smoke, at least at the location of 

the initial fire source ( 0x  , Fig. 1), must reach a level 

sufficient for ignition of virgin fuel. 

This condition is met if crt    such that 
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where    0s s sT T x T  is a critical surface temperature 

of the material required for ignition,  ,  and c  are 

thermal properties of solid combustible material, t time, 

and  0,q   radiative flux absorbed by the material at the 

location 0x  . 

The relation (1) is a well known basic relation, which is a 

consequence of the heat transfer equation and relates 

temperature at any location within the domain with the time 

history of heat flux at the same location (e.g. Landau and 

Lifshits [4]). 

Radiative heat flux at the origin of the coordinate system 

(Fig. 1) is given by 
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Here  is emissivity,  Stefan-Boltzmann constant, 

W compartment width (i.e. dimension perpendicular to the 

direction of ceiling jet propagation, Fig. 2-5) and 
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is a “kernel” of the expression for a view factor between the 

two infinitesimal surfaces (Ozisik [5]). 

In the case considered in the present section (i.e. steady-

state fire) the flux (2) does not actually depend on time, but 

the formula (2) is written in a general form bearing in mind 

its application to time-dependant flux later in the section 

4.3. 

Actual temperature distribution along the ceiling jet, in a 

steady-state fire, can be obtained from the experiments and 

theoretical model by Tanaka and Novozhilov [6]. Their 

investigation shows exponential decay of temperature 

downstream the ceiling jet, which also conforms with the 

results of other studies. Specifically [6] 

    0 0/ 2 expg g
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hP
T x T T W T x

mc

 
     

 

               (4) 

where gT is ceiling jet temperature, 0T is ambient 

temperature, pc gas specific heat, h  heat transfer 

coefficient for losses to compartment walls, P part of 

compartment cross-sectional perimeter corresponding to 

locations of contact between walls and hot smoke. 

Mass flow rate m  is given  by 
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                                                         (5) 

where  Q  is fire HRR,  r  a fraction of HRR emitted as 

radiation.  

For a typical cellulosic material the critical temperature is 

873sT K. The ceiling jet temperatures at the two specific 

locations  0gT and  / 2gT W may be estimated using 

well-known Alpert correlations [7]. 
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Combined with the formulae (2-5), the condition (1) 

provides restriction on the minimum fire HRR, which is 

required to initiate the ignition wave. 

4.2 Ignition wave driven by steady-state fire 

For instructive purposes it is useful to consider ignition 

wave driven by steady-state fire. 

If ceiling jet attains steady-state condition, radiative flux at 

each location on the floor of the compartment remains 

constant. The magnitude of the flux decreases along the 

floor away from fire, i.e. with increasing coordinate x . 

This is an experimental fact, which can also be formally 

derived from the model (2-5).  

The basic theory of ignition of thermally thick materials 

may be applied. Specifically, it is well known [8] that in 

such a case the inverse of square root of ignition time is 

proportional to applied heat flux. This implies  
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1
crt

Q x

                                                                     (6)              

Ignition wave propagation velocity must drop with 

travelling distance, at least after certain point, since at 

sufficiently far locations radiative flux is too weak to cause 

ignition (i.e. ignition time turns into infinity). This 

obviously contradicts experimental observations, Fig. 6. 

In reality, radiation from the ceiling jet is augmented, of 

course, by involvement of the fuel ignited at the wave front 

and burning continuously behind it. 

General equation describing propagation of ignition wave 

must take this effect into account. 

4.3 Equation for ignition wave propagation 

In this section we derive general equation which describes 

ignition wave propagation. 

Let  x t  be current position of ignition front. Here time is 

therefore, a critical (ignition) time as in the equation (1); we 

drop the subscript to have conventional notation for 

independent variable in the final equation. 

Effect of virgin fuel involvement along propagation of the 

ignition front is described by modification of the mass flow 

rate as follows 
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where fm  is mass burning rate, per unit area, of the ignited 

fuel, combQ  is heat of combustion of materials in the 

compartment. 

Radiative flux at any location 0y   is given by 
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       (8) 

Now the flux is indeed time-dependent, due to equation (7) 

which implies that the distribution  gT y  depends on the 

position  x t as a parameter. The equation for flame 

(ignition front) spread is obtained by applying the general 

integral relation (1) at the position  x t  
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Initial condition for the flame front is  0 0x  . 

Here the temperature distribution along the jet is given by 

the equation (4) with the mass flow rate substituted from 

equation (7), and the temperature  , / 2gT m W adjusted for 

the current mass flow rate accordingly. The equation (9) is 

of rather complicated nature. It is a non-linear repeated 

integral equation. As a future work, it is planned to classify 

wave propagation regimes that can be obtained from this 

equation. In particular, we are interested in whether it 

admits acceleratory solutions that agree qualitatively with 

experimental data in Fig. 6. Another question is whether it 

admits solutions with constant speed of propagation, similar 

to many other types of waves observed in combustion 

systems. For example, flame spread on vertical combustible 

walls may theoretically occur at constant speed, although at 

very specific values of material parameters. 

It is conjectured that equation (9) has only acceleratory 

solutions. An attempt will be made to prove this statement 

rigorously, i.e. by analytical methods. On the other hand, it 

is clear that in general case the equation (9) will need be 

solved numerically. 

Validation of the model is intended using a set of reduced-

scale well controlled experiments. The experiments are 

likely to be conducted by collaborators from the University 

of Fukui, Japan.   

5. Conclusions 

Experimental data has been processed to obtain ignition 

front time history plot during flashover in compartment 

fires. It is demonstrated that ignition wave propagates in 

acceleratory manner. 

A non-linear integral equation describing ignition wave 

propagation during compartment fires is proposed. 
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Abstract 

The Eulerian–Lagrangian Spray Atomisation (ELSA) model is employed here to study the grid sensitivity and grid convergence 

for air-blast atomising. The sub-grid joint probability density function (PDF) of liquid volume fraction and surface density is 

solved in the LES context. Different grid resolutions are used to investigate the grid sensitivity and simulated results are 

compared with the normalised liquid volume fraction measured in an atomizing spray using the Sydney needle spray burner. 

This paper focuses on reporting the effects of mesh size on the liquid jet penetration and jet decay rate. Mean axial and radial 

profiles of liquid volume fraction and surface density for 4 million and 8 million cells are reasonably close to each other in 

comparison with 1 million and 2 million cells. This indicates that grid convergence is approached. 

 

1. Introduction 

The continuous development in the field of high-performance 

computers is helping in having necessary computing power in 

order to completely resolve up-to full-scale injector level. 

Two dimensional direct numerical simulations (DNS) under 

conditions similar to those of practical injectors were done by 

Boeck et al. [1] and Fuster et al. [2], and three dimensional 

DNS studies by Desjardins et al. [3], Herrmann [4] and 

Menard et al. [5]. Daily use of DNS under real injector 

conditions is still beyond the current computing limits, so we 

need models to capture most of the desired information about 

primary zone of the atomization. In past, many approaches 

have been developed for this attempt but two of them such as 

Volume of Fluid (VoF) and Level Set (LS) have proved 

helpful for simulating multiphase flows. Tryggvason et al. [6] 

has provided a detailed review on this subject. The VoF 

method is available in some open source CFD software 

including OpenFOAM in the form of interFoam, 

twoLiquidMixingFoam and twoPhaseEulerFoam solvers. On 

the other side, LS is found only  in-house research codes [7] 

and not linked with OpenFoam yet. 

In an earlier paper [8], the Eulerian–Lagrangian Spray 

Atomisation (ELSA) model was introduced with the longer-

term objective of accounting for the primary atomization of 

air-blasted sprays. The LES framework was employed to 

solve a transport equation for the joint volume-surface density 

sub-grid Probability Density Function (PDF) and hence 

account for sub-grid fluctuations of the surface density and 

liquid volume fraction. A key advantage of this approach lies 

in combining the advantages of Volume of Fluid (VoF) and 

Level Set (LS) methods to account for atomization while 

capturing realistic surface effects and preserving mass 

conservation. The results shown in [8] were encouraging 

when compared to experimental data obtained in air-blast 

atomising sprays of acetone fuel stabilized on the Sydney 

Needle burner. The objective of this paper is to extend this 

approach by testing the effects of grid size on the results.  

In LS method liquid-gas interface is represented by a level set 

function (𝜑). Its positive value (𝜑 >  0) indicates the liquid 

region and negative value (𝜑 <  0) indicates the gas region. 

The interface is represented by having level set function value 

equal to zero (𝜑 =  0). The main advantage of level set (LS) 

method is its simplicity, especially in calculating the 

curvature 𝜅.  

The unit normal vector n and curvature 𝜅 are computed as 

follows 

 n =  
∇𝜑

| ∇𝜑 |
 (1) 

 κ = ∇ ⋅
∇𝜑

| ∇𝜑 |
 (2) 

These interface-tracking approaches have been used 

successfully in many cases but still suffer from numerical 

limitations, which effect their accuracy. The VoF method [8, 

9] behaves well in terms of mass conservation but tends to be 

artificially diffusive so that it smears out the sharp interface, 

while the LS method [10] accumulates a mass conservation 

error at the interface. When they are used in combination [5], 

both sharp interface capturing and mass conservation issues 

have been resolved but very high computational resources are 

required to simulate a full scale practical injector.  

The Eulerian–Lagrangian Spray Atomisation [11] (ELSA) 

model is based on VoF but solves for an additional surface 

(area) density quantity to provide an enhanced statistical 

quantification of the atomising spray. In LES of turbulent 

sprays the liquid volume fraction and surface density fluctuate 

at the subgrid scale and the recently proposed approach to 

solve for the joint probability density function (PDF) of these 

quantities is emerging as an attractive closure of these terms 

[12]. The ELSA-PDF methods has been previously tested 

against DNS of a high-pressure liquid injection into quiescent 

air. In this work as well as in [8], the ELSA approach is 

validated against experimental data and the objective in this 

paper is to report on the grid sensitivity.  

2. Methodology  

The ELSA model is based on solving two equations 

corresponding to the liquid volume fraction and surface 

(area) density in an Eulerian frame. The origin of the ELSA 

model can be traced back to the Volume of Fluid (VoF) 

method [9]. This approach is suitable to simulate both dense 

and dilute regions of the spray and subsequently the model 

does not need coupling with a secondary Lagrangian scheme. 

The model gives directly relevant quantities for spray 

characterisation such as Sauter Mean Diameter (SMD) and 

liquid dispersion based on simple relations between surface 

density and volume. However, a drawback of ELSA method 

is that it cannot distinguish between spherical droplets and 
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irregular shaped ligaments with the same volume and surface 

density. The method has been used mostly in the RANS [13] 

framework and was only recently extended to LES [12]. 

As volume fraction and surface density fluctuate at the small, 

unresolved scales, one closure approach is to solve a sub-grid 

PDF equation for these quantities and to couple it to the 

conventional filtered LES equations for mass and momentum. 

The incompressible instantaneous continuity equation is  

 
𝜕𝜌

𝜕𝑡
+ 𝑢𝑗

𝜕𝜌

𝜕𝑥𝑗
= 0 (3) 

where 𝑢 is velocity of fluid, 𝜌 is the single density of the 

fluid mixture calculated as 

 𝜌 =  𝜌𝑙(𝜙) + 𝜌𝑔(1 − 𝜙) (4) 

Here 𝜌𝑙 is density of liquid phase, 𝜌𝑔 is density of the gas 

phase and 𝜙 is liquid volume fraction. Based on the 

continuity equation, the liquid volume fraction equation can 

be written as  

  
𝜕𝜙

𝜕𝑡
+ 𝑢𝑗

𝜕𝜙

𝜕𝑥𝑗
= 0 (5) 

and the surface density equation is given by 

  
𝜕∑

𝜕𝑡
+

𝜕𝑢𝑗∑

𝜕𝑥𝑗
 = − 𝜕∑𝑛𝑖𝑛𝑗

𝜕𝑢𝑗

𝜕𝑥𝑗
 (6) 

where ∑ is the surface density defined as interface surface 

area per unit volume. In LES the above equations are filtered 

and subgrid models are required for the subgrid correlations 

of velocity, volume fraction and surface area. The final closed 

sub-grid joint PDF transport equation for the subgrid joint 

probability density of liquid volume fraction and surface 

density, 𝑃𝑠𝑔𝑠 is written as [12]: 

 

 
𝜕𝑃𝑠𝑔𝑠

𝜕𝑡
+

𝜕�̅�𝑗𝑃𝑠𝑔𝑠

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[𝔇𝑠𝑔𝑠

𝜕𝑃𝑠𝑔𝑠

𝜕𝑥𝑗
]

−
𝜕𝑆𝑔𝑒𝑛𝑃𝑠𝑔𝑠

𝜕𝜃2

+
𝜕𝑆𝑑𝑒𝑠𝑃𝑠𝑔𝑠

𝜕𝜃2

 

(7) 

�̅�𝑗  is filtered velocity, 𝔇𝑠𝑔𝑠  represents subgrid diffusivity, 

𝜃2 is sample space for surface density, 𝑆𝑔𝑒𝑛 is generation of 

surface area due to atomisation and 𝑆𝑑𝑒𝑠  is destruction of 

surface area due to collision and coalescence. Their modelling 

is described in Ref. [12].  

 

We solve an equivalent stochastic form of Eq. (7) based on 

the concept of stochastic fields [12], where the discrete PDF 

is obtained by summation over N fields 

  𝑃𝑠𝑔𝑠 =
1


∑  [𝜃1 − 𝜙𝛼] [𝜃2 − Σ𝛼]

𝑛

 = 1

 (8) 

Here 𝜙 and ∑ are the volume fraction and surface density 

for stochastic field , and 1 and 2 are the sample spaces 

for 𝜙 and ∑. Following the Ito formulation, the transport 

equations for each field are  

𝑑𝜙𝛼

𝑑𝑡
+ �̅�𝑗

𝜕𝜙𝛼

𝜕𝑥𝑗
 =

𝜕

𝜕𝑥𝑗
[𝔇𝑠𝑔𝑠

𝜕𝜙𝛼

𝜕𝑥𝑗
 ] + √2𝔇𝑠𝑔𝑠

𝜕𝜙𝛼

𝜕𝑥𝑗
𝑑W 𝑗

 (9) 

𝑑Σ𝛼  

𝑑𝑡
+ �̅�𝑗

∂Σ𝛼

𝜕𝑥𝑗
 =

𝜕

𝜕𝑥𝑗
[𝔇𝑠𝑔𝑠

𝜕Σ𝛼

𝜕𝑥𝑗
 ] + √2𝔇𝑠𝑔𝑠

𝜕Σ𝛼

𝜕𝑥𝑗
𝑑W 𝑗

 +

                               𝑆
𝑔𝑒𝑛 − 𝑆

𝑑𝑒𝑠                 (10) 

  

The notation 𝑑W 
 is a Wiener term. Note that the stochastic 

fields are discontinuous in time but differentiable in space 

(which is a point of difference with stochastic particle 

solutions of the PDF). Statistical quantities are obtained from 

the fields, for example the first moment is obtained as 

 �̅� =
1


∑ 𝜙𝛼

𝑛

𝛼 = 1

 (11) 

3. Numerical Set Up 

The model is compared to experimental data from the Sydney 

Needle Spray Burner [14] which issues dense liquid (acetone) 

from a needle surrounded by an air-blast stream. The diameter 

of the liquid jet is 670microns and that of the air blast stream 

is 10mm. A single case is selected here for comparison with 

data and this Case 2 (N-AS2) which corresponds to a liquid 

loading of 75g/min. Further details about this case are shown 

in Table 1. This case is named with reference N=Needle, 

A=Acetone, S for non-reacting sprays.  

Table 1: Boundary conditions for test case [14]. Reg and Rel 

refer to the Reynolds numbers of the air and liquid, 

respectively, Ug and Ul are the gas and liquid velocities, and 

We is the jet exit Weber number based on bulk gas velocity. 

Cases N-AS2(Case 2) 

Ug (m/s) 36 

Reg 21800 

Ul (m/s) 4.3 

We 45 

Rel 7300 

F/A (by mass) 0.36 

 

The computational domain is a three-dimensional cylinder 

that is 50mm in the axial direction and 5mm in the radial 

direction. In the simulations the turbulent intensity at the 

liquid inlet plane is 5% of the bulk velocity and the turbulent 

length scale is 10% of the nozzle diameter. A Klein digital 

filter [15] is used to produce a realistic turbulent spectrum at 

the inflow. Four different mesh resolutions are selected for 

this study. Total number of cells, number of cells in liquid jet 

diameter, minimum and maximum aspect ratios are provided 

in Table 2. Aspect ratio is minimum along the axial centre of 

the jet and increases in radial directions. Maximum aspect 

ratio value given in Table 2 belongs to the outer locations of 

air jet region. 

Table 2: Mesh details for four different resolutions. 

Resolution 

(in millions) 

Number of cells 

in liquid jet 

Minimum 

aspect ratio 

Maximum 

aspect ratio 

1M 1000*15*15 1.05 11.00 

2M 1200*21*21 1.26 10.20 

4M 1500*25*25 1.17 10.50 

8M 1800*32*32 1.26 9.97 

 

4. Results and Discussion 

Predicted and experimental mean liquid fraction along the 

centre of jet for Case 2 are represented in Figure 1. In this 

study, we have analysed the effect of mesh resolution on jet 

penetration and jet decay rate. Only measured mean liquid 

area fraction values are available till now, measured mean 

liquid volume fraction values will be provided at a later stage. 

Predicted values for liquid jet penetration and jet decay rates 

for all the mesh resolutions are overall in good agreement 
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with the experimental data. However, as we increase the mesh 

resolution, the jet penetration slightly increases, and jet decay 

rate considerably decreases. When we compare the results for 

different mesh resolutions, 4M and 8M results are reasonably 

close in comparison with 1M and 2M resolutions. 

Figure 1: Axial profiles of mean liquid fraction and 

sensitivity to mesh resolution are represented here. Symbols 

refer to measured mean liquid area fraction while lines 

represent the calculated mean liquid volume fraction. 

Figures 2&3 provides the comparison of radial profiles of 

mean liquid volume fraction at x/D=1 and x/D=2 

respectively. At x/D=1 all the mesh resolutions give the 

similar values. For x/D=2 location 4M and 8M profiles are 

closer with each other but different with 1M and 2M mesh 

resolutions. The variations in peak values of mean liquid 

volume fraction are higher as we move from 1M to 2M and 

4M resolutions and reduces considerably when we change 

mesh resolution from 4M to 8M.  

 

Figure 2: Radial profiles of mean liquid volume fraction at 

x/D=1 representing sensitivity to mesh resolution. 

 

Simulated pattern of jet penetration and decay rate is 

represented in Figure 4. Jet penetration is almost similar, but 

decay rate and pattern are different for all mesh resolutions. 

When the mesh resolution increased from 1M to 2M and 4M, 

we get the longer jet penetration and less decay rate but for 

8M cells jet penetration and decay rate pattern is similar to 

4M cells confirming the reach of grid convergence. 

 

 

 

 

 

 

Figure 3: Radial profiles of mean liquid volume fraction at 

x/D=2 representing sensitivity to mesh resolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Liquid jet penetration and decay for 1M, 2M, 4M 

and 8M mesh resolutions in order from top to bottom 
 

Axial profiles for normalised mean surface density are shown 

in Figure 5. The peak value change considerably for 1M to 

2M and 4M mesh resolutions but this difference is very small 

for 4M and 8M cells cases. Results for different mesh 

resolutions shows the similar behaviour like mean liquid 

fraction profiles. Values for 4M and 8M cells are comparably 

close in comparison to values for 1M and 2M cells.  

Figure 5: Axial profiles of mean surface density and 

sensitivity to mesh resolution 
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Figures 6 & 7 represent the radial profiles for normalised 

mean surface density for x/D=1 and x/D=2 locations 

respectively. At x/D=1 location, the peak value of the radial 

profile changes with mesh resolution. This difference is 

higher for lower resolution cases in comparison with high 

resolution meshes. For 4M and 8M cases, these profiles are 

very close giving a good indication of reach of grid 

sensitivity. At x/D=2 location, change in the peak value of the 

radial profile for different mesh resolutions is similar to that 

of at x/D=1 but the peak value for 4M and 8M cases are 

almost the same.  

 

 

Figure 6: Radial profiles of mean surface density at x/D=1 

representing sensitivity to mesh resolution  

Figure 7: Radial profiles of mean surface density at x/D=2 

representing sensitivity to mesh resolution. 
 

5. Conclusions 

This LES-PDF solution of ELSA formulation is applied to an 

air-blast experimental atomisation case for the first time. 

Mean, axial plots of liquid volume fraction show good 

qualitative agreement with experimental data. Mesh 

resolution affects the jet penetration very slightly, but also 

changes the decay rate very considerably. Radial profiles for 

mean liquid volume fraction and normalised mean surface 

density at different radial locations for four different mesh 

resolutions show that the results for 4M and 8M cells are 

comparable with each other and largely different to that of 1M 

and 2M cells resolutions. Future work will explore the grid 

sensitivity convergence for comparatively higher Weber 

number cases.  
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Abstract 

The Lagrangian multiple mapping conditioning model coupled with large eddy simulation (MMC-LES) is applied to compute 

the structure of a turbulent piloted jet flame with compositionally inhomogeneous inlet. The calculations are compared with 

detailed measurements. Our current version of sparse-Lagrangian MMC-LES employs only a mixture-fraction-based approach 

that is suitable for non-premixed combustion. Increasing the number density of particles drives a gradual transition to an 

intensive MMC-LES to enable the computation of mixed-mode combustion in this flame. This intensification is applied in 

upstream regions where mixed-mode combustion dominates and is relaxed further downstream as the jet flame transitions to a 

non-premixed flame structure. The computed results for intensive and adaptive cases converge and the simulation results for 

the adaptive case show good agreement with experimental data. 

 

Keywords: Turbulent flames; Partially premixed; MMC-LES. 

 

1. Introduction 

In recent times premixed combustion has been favoured for 

power generation, internal combustion engines and other 

propulsion systems for its ability to conform to 

progressively stricter regulations for toxic pollutant 

emissions. However, in practice, perfect premixing may be 

impossible to achieve and, such mixing imperfections may 

change combustion stability compared to non-premixed 

designs. Mixed-mode combustion systems, containing both 

premixed and non-premixed regions, are a pragmatic 

solution aimed at achieving low emissions and stability 

over a wide range of engine operating conditions [1]. Non-

premixed and premixed combustion research have 

developed largely as separate branches and many 

combustion models and laboratory experimental flames 

have been developed with one of the two combustion 

modes in mind. An exception is the probability density 

function (PDF) model [2] which is derived independent of 

the flame mode. However, in its conventional form, the 

PDF approach is the most computationally costly of the 

available turbulent combustion models and application to 

engineering scale systems is limited. To enable the 

development of reliable numerical tools that span all 

combustion domains, the University of Sydney’s piloted 

burner with compositionally inhomogeneous inlets [3] has 

been developed as a platform for validating models with 

mixed-mode capability. The burner consists of concentric 

pipes carrying fuel and air. The central one may be recessed 

to different retraction lengths resulting in different levels of 

mixing and inhomogeneity at the burner exit plane. In the 

configuration investigated in the present work, fuel issues 

from the central pipe and air flows in the outer one and the 

recess distance is set so that the mean mixture fraction at 

the outer edge of the mixing pipe is close to stoichiometric 

while richer mixtures exist towards the axis. The ensuing 

flame has a mixed-mode structure near the burner exit plane 

that transitions to a non-premixed mode downstream. 

A number of turbulent models have been tested using the 

Sydney inhomogeneous burner.  These include LES with 

various forms of the flamelet model [4, 5], a hybrid method 

combining the filtered density function (FDF) approach 

with flamelet tabulation[6] and full finite-rate chemistry 

[7], the multi-environment RANS-PDF method [8], and the 

sparse MMC-LES method [9] whose further development is 

presented here. 

Sparse MMC-LES [10] is a FDF method that incorporates 

concepts from the conditional moment closure (CMC)[11] 

and flamelet models to close the molecular mixing term and 

achieve high accuracy at lower computational cost than 

FDF methods with conventional mixing models. This is 

done by mixing locally in a reference space that correlates 

with the composition space while being mathematically 

independent of it. The LES filtered mixture fraction is a 

suitable reference variable for non-premixed flames and 

alternatives such as a reaction progress variable [12] or 

shadow position [13] can be used for premixed flames. By 

ensuring that mixing is compositionally local, the 

requirement for localness in physical space can be relaxed 

and this enables the use of a sparse distribution of notional 

particles to solve the FDF stochastic transport equations. In 

sparse simulations there are fewer particles than LES grid 

cells and the opposite (conventional) situation where there 

are more particles than LES grid cells is referred to as 

intensive simulations. Galindo et al. [9] applied sparse 

MMC-LES with a mixture fraction reference variable to the 

aforementioned Sydney burner for a homogeneous non-

premixed case (i.e. zero recess distance) and an 

inhomogeneous case. Agreement with the experimental 

data was good for the homogeneous inlet case but, for the 

inhomogeneous case, the model did not accurately capture 

the premixed flame structure close to the pilot and this 

leads to accumulated errors in the non-premixed region 

downstream. Current research is developing sparse MMC-

LES with two reference variables representing reaction 
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progress and mixture fraction to capture the premixed and 

non-premixed flame structures, respectively [12]. While 

steady progress is being made on this complex two 

reference variable sparse MMC-LES model, the present 

paper explores a conceptually simple, MMC-LES model 

that relies on using a larger number of particles in regions 

where mixed-mode combustion is present. This selective 

intensification (referred to hereon as adaptive) is expected 

to result in localness in physical space in those regions and 

hence facilitating the computation of premixed as well as 

non-premixed flames. This is combined with a sparse 

particle distribution and mixing localness in reference 

mixture fraction space in region where the non-premixed 

mode dominates. In a previous contribution describing this 

approach (referred to there as “hybrid” but here called 

“adaptive” ), MMC-LES [14] explored numerical 

convergence with increasing stochastic number of particles. 

The present paper focuses on a comparison of the adaptive 

version of this model where intensification is selective and 

applied only to region where mixed-mode combustion 

prevails. 

2. Methodology 

2.1 The model 

MMC-LES is a combination of Eulerian and Lagrangian 

methods. Filtered equations for continuity, momentum, 

pressure and reference mixture fraction are simulated in an 

Eulerian fashion using a standard Smagorinksy subgrid 

model [15]. The reactive scalars are simulated in a 

stochastic Lagrangian frame to represent the FDF. Particle 

pairs are mixed linearly and over a finite time step 

according to 

 

 

     ϕα
p(t + ∆t) = ϕα

p(t) + γ (ϕ̅α
p,q(t) − ϕα

p(t))  (1) 

     ϕα
q(t + ∆t) = ϕα

q(t) + γ (ϕ̅α
p,q(t) − ϕα

q(t))  (2)                               

where γ is the mixing extent based on Lagrangian mixing 

time scale τ. Here we use the anisotropic (a-ISO) time scale 

model [16] and ϕ̅α
p,q

 is the weighted mean of the mixing 

particles. Mixing pairs are selected to have controlled 

localness in both physical space, x, and a reference mixture 

fraction space, f, which is given by the filtered Eulerian 

mixture fraction field. The degree of localness in f and x is 

specified by the characteristic model parameters fm and rm, 

respectively.  In this calculation, fm = 0.03 and this is based 

on what has been found through studying the partially 

premixed methane-air flames [17] and rm is obtained by 

  

rm = Cm (
df

dn

∆L
3

rc
2−Df

1

fm
)         (3) 

where Cm = 0.5  is a constant, the fractal dimension 

Df = 2.36 , ∆L  is the nominal spatial distance between 

Lagrangian particles and rc is the inner cut off scale given 

by the grid size. df ⁄ dn is the reference mixture fraction 

gradient normal to the stoichiometric contour. The selection 

of particle pairs, p and q, is based on an algorithm which 

approximately minimises the effective square distance 

 

d̂p,q
2 = ∑ (√3

dxi

p,q

rm

)
2

+ (
df

p,q

fm
)

2
3
i=1         (4) 

where dxi

p,q
 is the distance between the particles in spatial 

coordinate i  and df
p,q

 is the distance between particles in 

reference mixture fraction space. With fixed fm  and 

intensification of the particle distribution, Eq. (4) leads to 

smaller rm, and subsequently smaller df
p,q

. 

2.2 Numerical and test case setup 

Adaptive MMC-LES predictions are compared to 

experimental data for the Sydney piloted jet burner [3]. 

Here we focus on a single, mixed-mode flame case with a 

bulk jet velocity of 80 m/s and the inner fuel pipe recess 

distance is 75 mm. The internal diameters of the inner and 

outer pipes carrying the fuel and air stream are 4.00mm and 

7.5 mm, respectively. The jet Reynolds number is 37500. 

The MMC-LES model has been implemented in a solver 

called mmcFoam [18] that is compatible with the 

opensource OpenFOAM code [19]. The computational 

domain consists of a 3D cylindrical mesh that extends for 

32 jet diameters in the axial direction and 6 jet diameters in 

the radial direction. The LES computational domain has 1.7 

million cells with the smallest cells on the centerline being 

0.246 mm x 0.246 mm x 0.29 mm. More than 80% of 

turbulent kinetic energy is resolved.  An additional 

supermesh is used to control the number of stochastic 

particles. A uniformly distributed supermesh is used for 

both an intensive case 4L/1E (4 Lagrangian particles per 1 

Eulerian cell) and a sparse case 1L/27E ( 1 Lagrangian 

particles per 27 Eulerian cells). A non-uniform supermesh 

is used for adaptive case. Between the burner exit plane and 

x/D = 1 (where D=7.5 mm) each supermesh cell contains 

eight LES cells. The supermesh then expands gradually 

with downstream distance until x/D = 30 where each 

supermesh cell contains 400 LES cells. The stochastic 

particle number control algorithm [18] nominally maintains 

the particle density at 80 particles per supermesh cell. In 

this way the number of stochastic particles per LES 

(Eulerian) cell decreases from an intensive distribution of 

10 particles per LES cell (10L/1E) near the burner exit 

plane to one particle for every 5 LES cells (1L/5E) 

downstream as shown in Figure 1. Our numerical 

convergence investigation [14] demonstrated that the 

predictions with this adaptive stochastic particle 

distribution are very close to those with a fully intensive 

MMC-LES simulation. The computational cost for adaptive 

case is approximately three times cheaper than intensive 

case.    

The boundary conditions for mixture fraction and velocity 

at the jet exit plane are obtained using separate turbulent 

pipe flow simulations. The employed chemical mechanism 

is DRM-22[20] which includes 22 species and 104 

reactions. 
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Figure 1: The distribution for the number of particles along 

the domain for adaptive case. Dash lines represent the 

average stoichiometric mixture fraction. 

3. Results and discussion 

 
Figure 2: Scatter plots of temperature versus mixture 

fraction for 4L/1E, adaptive and 1L/27E cases at x/d=5.0. 

 
Figure 3: Conditional mean and rms of H2 for 4L/1E, 

adaptive and 1L/27E cases at x/D=1.0 and x/d=5.0. 

 

 

 
 

Figure 4: Radial profiles of mean and rms of axial velocity 

for all cases at different axial locations. 

Figure 2 shows scatter plots of temperature versus mixture 

fraction at x/D=5.0.  The first row shows scatter plots for 

intensive (4L/1E) and adaptive cases and the second row 

shows for experimental data and sparse (1L/27E) case. The 

computed results of scatter plots for all cases are similar 

and show good agreement with experimental data. The 

model results accurately capture the premixed structure 

with a near-vertical increase in temperature in the 

stoichiometric region of mixture fraction space. 

Figure 3 shows means and rms profiles of the mass fraction 

of H2 conditioned on temperature at x/D=1 and x/D=5. The 

numerical results were calculated using fluid samples in a 

mixture fraction interval of 0.04 < ξ < 0.06. The premixed 

structure of flame is analysed for intensive, adaptive and 

sparse particle numbers and compared with experiment 

data. The conditional mean profiles for all cases at x/D=1 

are similar but the results for the conditional rms reveal 

significant difference between the sparse case (1L/27E) and 

the intensive (4L/1E) and adaptive cases. Note that the 

adaptive case has an intensive distribution corresponding to 

10L/1E at this location. The 4L/1E and adaptive predictions 

have minimal differences. The simulation results show 

slightly under prediction for the conditional mean and rms 

at x/D =1 in comparison with the experimental data. At x/D 

= 5 the differences between the fully sparse case and, 

adaptive and intensive are evident for mean and rms 

profiles, with the sparse case exhibiting higher values for 

mean and rms for temperatures between 800K and 1800K. 

For this axial position, in general, the 4/1E and adaptive 

simulations show good agreement with the experiments. 
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Figure 5: Radial profiles of mean and rms of mixture 

fraction for all cases at different axial locations. 

Figure 4 shows radial profiles of mean and rms of axial 

velocity for intensive case, adaptive case, sparse case and 

experimental data at different axial locations. The 

computed results for intensive and adaptive cases are 

numerically converged. The results for both cases show 

good agreement with the experiment at the jet centreline up 

to x/d=10.0 with some over prediction at the interface of the 

jet and pilot. This could be due to slow transition from 

premixed flame structure to non-premixed structure as 

shown [14] and the premixed flame in this region tends to 

protect the jet velocity from decay. This lower decay at 

upstream locations results in an over prediction of the jet 

centreline velocity at downstream locations. The computed 

rms values of axial velocity are under predicted at most 

axial locations. This under prediction of results could be 

coming from jet inflow boundary condition. Figure 5 shows 

radial profiles of unconditional mean and unconditional rms 

of mixture fraction for all computed cases and experiment 

data at different axial locations. The computed 

unconditional mean and unconditional rms of mixture 

fraction are in excellent agreement with the experiment at 

upstream locations. At x/D=10 the simulation results appear 

to be slightly over predicted for mean profile near jet 

centreline and trend remains same further downstream. The 

reasons behind these slight variations are lower RMS 

velocity and slow decay of the mean velocity.  

4. Conclusions 

A turbulent piloted flame with a compositionally 

inhomogeneous inlet is simulated using the adaptive-

Lagrangian MMC-LES. It is found that in the regions of the 

flame where mixed-mode combustion prevails, intensive 

and adaptive results are numerically converged. The 

computational cost for adaptive case is cheaper than the 

intensive case by a factor of about three. Additionally, 

simulation results for adaptive case generally show good 

agreement with experimental data. However, the computed 

results for sparse case are inconsistent with the intensive 

and adaptive cases for conditional and unconditional 

quantities at all locations. 
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Abstract 
Near-atmospheric thermal plasma systems in chemical processing usually make use of the tail flame of the arc column. Many 

plasma-based waste destruction and metal processing technologies have been developed, though there are very few that use the 

plasma for synthesis reactions. This is, in part, impaired by usually extreme conditions and difficulties in modelling these 

reactions. The modeling of arc discharge in thermal plasma requires a combination of mutually related fluid dynamics and 

electromagnetic phenomena, which dictate the size and stability of the arc column. We start with a simplified tip and cup based 

geometry, neglecting swirl, which is often used in practice to stabilize the arc. To this end, we present a steady-state fluid model 

of plasma torch in OpenFOAM (CFD package), in which the plasma fluid equations along with electric and magnetic potential 

equations are solved in LTE (Local thermodynamic equilibrium). The simulations were carried out with various currents and 

different inlet plasma gas flow rates. The model illustrates the influence of inlet gas velocities and how it drags the arc column 

to downstream of the plasma torch showing the dominance of fluid force over the Lorentz forces within the plasma system. The 

current model neglects high level of turbulence generated by swirl and the accompanying reabsorption of radiant energy 

commonly present in commercial systems. 

Keywords: tail flame, arc discharge, Lorentz force, etc. 
i

1. Introduction 

Thermal plasma is used as a heat source in many industrial 

processes, including plasma spraying, plasma welding and 

nano particle synthesis. Features that make the thermal 

plasma an efficient heat source are high heat flux, high 

quenching rates and low processing times. The basic 

configuration (see Fig 1) that can produce thermal plasma 

consists of anode, cathode, and plasma containing chamber. 

The electric arc is generated between the cathode and anode 

when these two are connected to high power DC [1]. The 

electric arc heats the gas in the plasma chamber and creates 

thermal plasma. Gases which are most often used to generate 

plasma, are argon, hydrogen, helium, and nitrogen.  

 

Figure 1 Idealized representation of the flow inside a DC non-

transferred plasma torch.. 

Understanding the arc – plasma interactions has been the 

main topic interest over the last two decades. The arc 

dynamic is the result of the balance between the drag force 

caused by the incoming fluid and Lorenz force due to the 

electromagnetic nature of arc.  The length of arc inside the 

torch may be correlated with the magnitude of voltage 

fluctuations. Three different modes of arc operation are 

observed based on these voltage fluctuations namely, steady 

mode, take over mode and restrike mode [1], steady mode of 

operation is characterized by arc attachment to a fixed 

position on the anode. In this mode, the voltage fluctuations 

are very small. This mode of operation is not preferred due 

to rapid erosion of anode material. In takeover mode, the arc 

movement and voltage fluctuations follow a quasi-periodic 

pattern. As the arc attachment point moves over the anode, it 

distributes the heat uniformly over the anode surface and in 

a generally predictable way. Restrike mode is characterized 

by a highly unstable, relatively unpredictable movement of 

the arc. The voltage fluctuations are large and chaotic. 

Thermal plasma modeling involves solving the conservation 

for mass, momentum, and energy along with the 

electromagnetic equations. The modeling of plasma flow is 

challenging due to complicated factors associated with 

unsteady effects caused by arc root fluctuation, non-local 

thermodynamic equilibrium near the electrodes or cold wall 

and 3-D flow effects due to arc local reattachment of the arc 

at the anode surface.  Many two-dimensional axis-symmetric 

LTE models have been developed in the literature. Although 

these 2D models are inadequate for modeling of processes in  

the real plasma, they qualitatively provide temperature and 

velocity profiles at the outlet and assist in creating a basis for 

subsequent 3D-plasma jet modeling [1][2]. 

The 2D models tend to predict higher temperatures and 

velocities at the torch outlet compared to experimental 

findings. In 2D, because of assumed axis symmetry, the arc 

attachment is around the whole circumference rather than at 

a point. This affects the gas temperature, hence the velocity 

and consequently the arc attachment position which is 

further downstream relative to experiment. The first three-

dimensional steady-state simulations were carried out by Li 

and Chen [2]. Their work shows that the arc attachment is a 

constricted spot in the azimuthal direction and work observes 

peculiarities in 3D flow patterns in non-transferred plasma 

torches. They predict the axial position of arc attachment by 

solving conservation equations, and by using Steinbeck's 
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minimum principle (also known as minimum entropy 

production applied to thermal plasma) to locate the position 

of the arc root. In 2002, Gonzales et al [1] used commercial 

software Fluent to perform steady-state simulations of arc 

attachment. They specified a fixed attachment using high 

temperature and high electric conductivity, but failed to get 

a convergent solution with this approach. They specified a 

constant electrical conductivity near the anode to get a 

steady-state solution. In another study of [4], the arc position 

was also set arbitrarily by specifying a current density profile 

over the anode.  

A few transient simulations have been reported for non-

transferred plasma torches [2-4] . Park et al. [4] used a 

rotating magnetic field to spin the arc radially inside the 

torch, but  did not find the axial position that results from the 

imbalance between the drag and magnetic forces. A  model, 

which uses the non-standard boundary conditions able to 

capture the displacement of the anode attachment spot is 

developed in ref[3]. This effect arises from interactions of 

cold flow with the plasma. They demonstrated arc 

reattachment by specifying the maximum electric field, as a 

controlling parameter. The reattachment process is achieved 

by specifying that the arc column connect to the anode when 

the electric field reaches its maximal value. The reattachment 

frequency is controlled by the magnitude of the maximal 

electric field. Trelles et al  [5]used an artificially high electric 

conductivity near the anode to simulate the arc reattachment 

which is followed in this work. The assumption of artificial 

conductivity is only suitable for the cases where the torch is 

operating in steady and takeover modes. To simulate the re-

strike mode, it is necessary to formulate a non-equilibrium 

model to capture effects of the arc root fluctuations. 

Although LTE models are simpler in terms of 

implementation and computation cost, their inability to 

describe non-equilibrium effects, limit their usefulness in 

thermal plasma processes.  

The work presented here seeks to show the effect of different 

inflow conditions on the axial position of arc attachment in 

non-transferred arc plasma torch. We use steady state 

OpenFOAM CFD model and assume LTE. 

2. Mathematical Model  

2.1 Governing fluid Equations 

Thermal plasma generated inside the non-transferred plasma 

torch is assumed to be optically thin, electrically neutral, 

laminar, and in local thermodynamic equilibrium (LTE) 

state. Based on these conditions, the coupled interactions 

between arc current and plasma flow are described in the 

frame work of magneto hydrodynamic equations. 

The arc current field is obtained from the current continuity 

equation, along with the Ohm’s law, which results in an 

elliptic equation for electric potential (ϕ). 

 ∇ ∙ (𝜎∇𝜙) =  ∇ ∙ (𝜎v × 𝐵), 1 

where v and 𝜎  are the plasma velocity and electric 

conductivity respectively.  Here, the magnetic field (B) is the 

self-induced magnetic field ( 𝐵𝑠 ) by the arc current itself. 

The 𝐵𝑠 is calculated using magnetic vector potential A from 

𝐵𝑠 =  ∇ × 𝐴, where the magnetic vector potential is found 

from the Ampere’s law as follows: 

 ∇2𝐴 =  − 𝜇0𝑗 2 

 

Where  𝜇0 = 4𝜋 × 10−7 TmA−1. 

The steady state equations for the transports of mass, 

momentum, and energy of plasma flow are described by the 

conservation laws. The equations are presented below. 

 

Conservation of mass 

 ∇ ∙ (𝜌v) = 0 3 

Conservation of Mass-averaged momentum 

 ∇ ∙ (𝜌vv) = 𝑗 × B −  ∇𝑝 + ∇ ∙ 𝜏 4 

Conservation of Energy 

 ∇ ∙ (𝜌vh) = 𝑗 ∙ (𝐸 + 𝑣 × 𝐵) − Ṙ +  ∇ ∙

(𝜅∇𝑇) + 
5

2
 
𝑘𝐵

𝑒
𝑗 ∙ ∇𝑇  

5 

Where 𝜌, 𝑝, 𝜏, ℎ, and T are the density, pressure, stress tensor, 

enthalpy, and temperature, respectively.  The term Ṙ 

represents the radiation losses.   

The thermodynamic and transport properties of argon are 

taken from the literature [6]. The OpenFOAM CFD fluid 

code is modified to include the required terms (Lorentz force 

(  𝑗 × B) , joule heating ( 𝑗 ∙ (𝐸 + 𝑣 × 𝐵)  and electron 

enthalpy flux ( 
5

2
 
𝑘𝐵

𝑒
𝑗 ∙ ∇𝑇)) in the momentum and energy 

equations along with electromagnetic relations.  

2.2 Boundary conditions 

 

 
Figure 2 Sectional view of cylindrical geometry ( 0 − 𝜋 plane). 

As seen in figure 2, the boundary of the computational 

domain is divided into five different parts to allow 

specification of the boundary conditions. Table 1 shows the 

boundary conditions used for  different variables (for  LTE); 

these boundary conditions are fairly typical in simulations of 

arc plasma torches [2].We use non-uniform meshing inside 

the flow domain. Total number of cells is 913206.  The 

meshing is refined near the electrodes to capture the effects 

due to large temperature and velocity gradients. To test the 

mesh independence, we also carried out the simulation with 

fine mesh having 1112324 cells.  

In Table 1, the pressure at the outlet is equal to 101.3 kPa and  

𝑢𝑖  the imposed velocity profile is the profile of a fully 

developed laminar flow through an annulus. The cathode 

temperature, which is approximated by a Gaussian profile 

along the x-axis varying from 500 K at the inlet to 3000 K at 

the cathode tip. The convective heat transfer coefficient(ℎ𝑤) 

at the anode wall is equal to 105W 𝑚2𝐾−1 (approximates 

the convective heat transfer due to turbulent flow in a pipe 

[2]). The anode cooling water temperature (𝑇𝑤) is 500 K. The 

134



imposed current density ( 𝐽𝑐𝑎𝑡ℎ ) over the cathode tip is 

defined as 

𝐽𝑐𝑎𝑡ℎ  = 𝐽𝑐𝑎𝑡ℎ0(𝑒𝑥𝑝(−(𝑟/𝑅𝑐)𝑛𝑐)) 

where 𝑟 is the radial distance from the torch axis , and 𝐽𝑐𝑎𝑡ℎ0, 

𝑅𝑐  and 𝑛𝑐  are parameters that specify the shape of the 

current density profiles for integration over the cathode tip 

surface, equal to specified input current [2]. The values of 

these parameters for 310 A,  𝐽𝑐𝑎𝑡ℎ0 = 5 × 105 A/𝑚2 , 𝑅𝑐= 

0.5 mm, 𝑛𝑐 = 4.  
Table 1 Boundary conditions 

 p v T ϕ A 

Inlet 𝜕𝑝

𝜕𝑛
= 0 

𝑈𝑖 500K 𝜕𝜙

𝜕𝑛
= 0 

𝜕𝐴

𝜕𝑛
= 0 

Cathode 

tip 

𝜕𝑝

𝜕𝑛
= 0 

0 3500 K 𝜕𝜙

𝜕𝑛

=
𝐽𝑐𝑎𝑡ℎ

𝜎
  

𝜕𝐴

𝜕𝑛
= 0 

Cathode 𝜕𝑝

𝜕𝑛
= 0 

0 500
− 3500𝐾 

𝜕𝜙

𝜕𝑛
= 0 

𝜕𝐴

𝜕𝑛
= 0 

Anode 𝜕𝑝

𝜕𝑛
= 0 

0 
𝜅

𝜕𝑇

𝜕𝑛
= ℎ𝑤(𝑇
− 𝑇𝑤) 

0 𝜕𝐴

𝜕𝑛
= 0 

Outlet 101.3 

kPa 

𝜕𝑈

𝜕𝑛
= 0 

𝜕𝑇

𝜕𝑛
= 0 

𝜕𝜙

𝜕𝑛
= 0 

0 

 

 

3. Results 

3.1 Model comparison 

 
Figure 3  temperature iso-contours (10, 12, 14, 16,18,20,22 and 

24K kK)  inside the free burning arc; present work(left) and 

Trelles(right) 

As a test our model, we consider a similar case presented in 

trelles[7].  Trelles developed non-equilibrium model to study 

the pattern formation on anode surface inside the free-

burning arc.  Free burning arc case mainly observed in 

plasma welding and plasma cutting, where cathode in the 

shape of the rod directly facing plane anode surface. The 

operating conditions are I = 200 A.  Their work considers the 

conical cathode tip, whereas in our case is flat cathode tip. 

The temperature d distribution between cathode and anode 

compared with Trelles. Figure 3(right) shows the 

temperature distribution inside the conical cathode tip and 

Fig 2(left) shows the temperature distribution from the 

present work. The major differences near the anode due to 

usage of flat cathode tip, restrict the radial convection of 

heat, results more constricted temperature distribution 

relative to conical cathode tip.  

3.2 Results for plasma torch 

 The results of the 3D plasma torch operating with different 

inlet conditions are provided here. The ignition is achieved 

by imposing a high electric conductivity column between the 

cathode tip and a pre specified anode position next to the 

cathode tip. This approach is commonly used in reattachment 

models to introduce new attachments in the torch. The radial 

profile of electric conductivity given below. 

𝜎𝑏 = 𝜎𝑏0 exp (−𝛽𝑏(𝑟𝑏/𝑅𝑏)𝑛𝑏) 

where 𝑟𝑏  is the radius of cylindrical channel used for 

reattachment process[2]. Values of parameters used in 

present study are 𝑅𝑏 = 0.5 𝑚𝑚 , 𝛽𝑏 = 6, 𝑛𝑏= 4 and 𝜎𝑏0 =
 104 𝑆 𝑚−1. The axial position of cylindrical channel is 5.5 

mm from the inlet. The circumferential position arbitrarily 

chosen and fixed at zero degrees. 

 
Table 2 Operating conditions for simulated cases 

No. Input current(I) Input velocity(𝑈𝑎) 

1 310A 0.8 

2 310A 4 

3 310A 5.1 

 
Figure 4 a) velocity, b) temperature, c) pressure, d) current density 

and e) electric field distribution in  0 − 𝜋 plane, 

The input operating conditions for simulated steady state 

cases are presented in Table 2.  Before starting simulation, 

the ignition column is inserted at anode surface right next to 

the cathode tip. The different cases are simulated and steady 

state results reported. Figure 4 shows the velocity, 

temperature, pressure, current density and electric field 

distribution inside the plasma torch for case 2. The high 

acceleration of plasma is observed near the arc attachment 

on the cathode tip and anode attachment position. The higher 

velocities arise from rapid expansion of gas and the Lorenz 

force effect. The pressure is maximal at the cathode tip and 

equal to 3.87 kPa (gauge pressure). The initial arc column is 
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seen to be dragged downstream (Figure 4b) until it finds a 

position where the fluid drag force is balanced by the Lorenz 

force. Figure 4d shows the current density distribution inside 

the plasma torch. The electric field is observed to be higher 

near the arc column fringes (Figure 4e). Electric field profiles 

are qualitatively similar to that of literature[6]. 

 
Figure 5 Temperature distribution inside plasma torch for the case 

1-3 (0 − 𝜋 𝑝𝑙𝑎𝑛𝑒) 

Table 3 : Electric power and length of arc (I = 310A) 

𝑼𝒂 (m/s) Power (kW) Length of arc 

0.8 3.8 2.28 

4 9.0 3.92 

5.1 10.8 4.71 

 
Figure 6  Radially averaged axial temperature and velocity 

profiles in plasma torch for cases 1,2 and 3. Vertical dotted lines 

corresponds to anode attachment position 

We also analyzed the effect of inlet gas velocity on arc 

dynamics inside the plasma torch. The temperature contours 

[8] for these cases are shown in Figure 5.  At the low inlet 

velocity of 0.8 m/s, the arc column displacement is very low 

due to strong electromagnetic force. As the inlet velocity 

increases to 4 m/s, the column moves downstream due to 

increase in the fluid drag.  Further increase in inlet velocity 

to 5.1 m/s, the arc column is dragged further downstream 

from the previous location. The corresponding power 

consumption and length of arc are reported in Table 3. 

Length of arc defined as the length of curve that connects the 

maximum temperatures between cathode tip to anode 

attachment position. This clearly shows that the increase in 

the input velocities arc attachment moves further 

downstream of the torch with constant input current (I = 

310A). Higher gas inlet velocities increase the length of arc, 

thereby increasing the power consumption in the plasma 

torch. Figure 6 shows the radially averaged axial temperature 

and velocity profiles. The maximal temperature nearly 

constant for these three cases and observed to be near the 

cathode tip. Higher inlet velocities increase the amount gas 

exposed to the arc. The rapid expansion of the gas increases 

the magnitude of maximal velocity in the system.   The 

higher arc lengths correspond to spreading out the 

temperature and velocity profiles. 

4. Conclusions 

Numerical simulations using OpenFOAM were performed to 

study the arc inside an argon plasma torch based on the 

solution of conservative equations of mass, momentum and 

energy along with electric and magnetic potential equations. 

The average voltage drop and maximum temperature are 

good agreement with different LTE models of plasma torch. 

As the inlet velocity increases, the arc is dragged 

downstream of the torch.  This is also evident from the 

voltage drop, which is proportional to length of arc in plasma 

torch. The steady fluid model is applicable for steady arc 

mode where fluctuations are very small. Takeover mode 

operation requires a time-dependent model to capture 

unsteady effects caused by arc root fluctuations.  The present 

work considers only dissociation reactions of argon at high 

temperature by assuming a chemical equilibrium. In our 

future work, the model will include kinetics of methane at 

high temperatures to optimize the torch design for synthesis 

of acetylene.  
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Abstract 
The fire whirl, which is a whirlwind and made up of flame and ash. The consensus is that with the intensified heat release rate, 

the fire whirl could cause significant destruction and fire risk to the firefighters or residents nearly the fire front line, especially 

in the tall building. Over the past years, lots of experiments were designed to study fire whirl. Nevertheless, the mechanisms 

involved in fire whirls combustion process are not evident. This paper presents two small-scale fire whirl models predicted by 

the large eddy simulation (LES) framework. For the very first time, predicted fire whirl flame and swirling flame structure are 

validated against the experimental measurements. 

 

Keywords: Fire whirl, LES, vortex core. 

 

1. Introduction 

Fire whirl is a unique fire phenomenon which is made up of 

the swirling flame and re-burned ash[1, 2]. It can occur in 

mass forest or bushfires; or intense fires in large building 

void or atrium structures. Diverse from normal buoyant fires, 

the fire whirl has a luminous spindle shape inside the flame 

structure (also referred as ‘vortex core’) [3] which is initiated 

under certain ventilation conditions and upward movement 

of the heated gases. Due to the circular motion within the 

core, turbulent intensity, air entrainment and the mixing 

between air and fuel are significantly enhanced. As a result, 

previous studies have proven that the burning rate of fire 

whirl could be several times higher than the normal pool fire 

[4]. The flame structure of fire whirls, in general, is more 

concentrated and elongated along the vertical axis. Several 

reduced- and full-scale experiments have been carried out [5-

10] investigating the combustion behaviour of fire whirl at 

each development stages and the mechanism of its radiant 

heat in igniting the surrounding combustibles. 

Early experimental studies utilised two facilities, the rotating 

cylindrical screen and the stationary walls, to investigate the 

strength of vorticity within the fire whirls. In recent years, 

the reduced-scale fire whirl experiments were carried out to 

correlate the burning rate, flame structure with the 

ventilation conditions. [11] demonstrated that the size of the 

vent could be the key factor to dictate the onset of the fire 

whirl surrounded by stationary walls. Furthermore, Lei et al. 

[12] reported that the flame structure of the fire whirl is 

subject to the imposed circulation induced by a rotating 

cylindrical screen. Nevertheless, limited by the measuring 

instrumentations, the detailed flow characteristics (i.e. 

particularly at the vicinity of the flame surface and thin 

boundary layer above the fuel surface) and its impact on the 

fire whirl formation are not clearly understood.   

On the other hand, Matsuyama et al. [3] employed Fire 

Dynamics Simulator (FDS) which utilised LES turbulent 

model to investigate the fire whirl flow and combustion 

characteristics.  More recently, we proposed a  [13] liquid 

fuel model considering radiation and convection heat 

feedback to model the resultant fire heat release rate and 

validated our numerical predictions against the small-scale 

fire whirl measured by Chow and Han [10]. Unfortunately, 

without detailed velocity measurements, velocity predictions 

could only provide a qualitative analysis on the fire whirl 

swirling motion. A thorough validation study on both 

temperature and velocity field of the fire whirl is still 

outstanding in literature. To fill this knowledge gap, this 

paper presents a numerical study attempting to validate the 

transient temperature and velocity field predictions against 

two reduced-scale fire whirl experiments by Hartl and Smit 

using two-half cylinders model [9] and by Chow and Han 

using a vertical shaft model [11]. 

2. Mathematical formulation 

In this paper, the reacting flow is represented by the 

governing equations of mass, momentum, energy and scalar 

properties [13]. The LES turbulent model was applied in this 

fire whirl simulation, because it has the capability to link up 

the temporal and fluctuating features of turbulence to fire 

phenomena [14]. Based on the LES framework, the generic 

form of the governing equations can be expressed as: 

𝜕(�̅��̃�)

𝜕𝑡
+

𝜕(�̅��̃�𝑖�̃�)

𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑖

(Γ𝜙

𝜕�̃�

𝜕𝑥𝑖

) + �̃�𝜙 

where ρ is the density, 𝜙 is the field dependent variable, Γ𝜙 

and 𝑆𝜙  are the diffusion coefficient and source term, 

respectively. Table 1 summarises the expressions of the field 

variables, diffusion coefficients and the source terms for 

each governing equation.   

 �̃� Γ𝜙  �̃�𝜙 

Mass 1 0  0 

Momentu

m 

�̃�𝑖 𝜇  −
𝜕�̅�

𝜕𝑥𝑖
−

𝜕𝜏𝑖𝑗

𝜕𝑥𝑖
− −

2

3
𝜇

𝜕�̅�𝑙

𝜕𝑥𝑙
𝛿𝑖𝑗 

  

Energy ℎ̅𝑠 λ  
−

𝜕

𝜕𝑥𝑗
(

𝜇𝑆𝐺𝑆𝐶𝑝

𝑃𝑟𝑆𝐺𝑆

𝜕�̅�

𝜕𝑥𝑗
) +

𝜕�̅�

𝜕𝑡
+ �̅�𝑗

𝜕�̅�

𝜕𝑥𝑖
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Mixture 

Fraction 

𝑓̅ 𝑘

𝐶𝑝
+

𝜇𝑡

𝜎𝑡
  

Soot 𝑌𝑠𝑜𝑜𝑡 𝜇𝑡

𝜎𝑠𝑜𝑜𝑡
  𝑑𝑀

𝑑𝑡
 

 𝑏𝑛𝑢𝑐
∗  𝜇𝑡

𝜎𝑠𝑜𝑜𝑡
  1

𝑁𝑛𝑜𝑟𝑚

𝑑𝑁

𝑑𝑡
 

Table 1: Field-dependent variable, diffusion coefficient, and 

source terms of the generalised transport equation 

In table 1, turbulent viscosity  𝜇 was modelled using the LES 

turbulence model. The LES turbulence model can filter small 

length eddies, the filtered eddies length is determined by the 

computational grid size. Large eddies are directly resolved 

while eddies which smaller than the filter length are 

predicted as the subgrid viscosity by the subgrid-scale (SGS) 

turbulence model. In this paper, the Smagorinsky model is 

adopted to resolve the SGS eddies while a modelling 

constant (Smagorinsky constant) of 0.1 has been employed 

[15]. For the reaction system, the mixture fraction model 

assumed that the thermochemical state of the combustion 

reaction can be governed by the mixture fraction 𝑓.̅ The 𝑘 

and 𝐶𝑝 are the laminar thermal conductivity of the mixture 

and the mixture specific heat, respectively. The Prandtl 

number (i.e. 𝜎𝑡) is taken 0.7 [16]. While the soot formation 

is solved by the Moss soot model which includes two semi-

empirical equations.  

3. Experimental configuration and 
numerical setup 

3.1 Experimental arrangements 

Numerical simulations were carried out referring to the two 

reduced-scale experiments conducted by Chow and Han[11] 

and Hartl and Smits[9] were simulated in this study.  

 
Figure 1: Schematic sketch of the three-dimensional view 

of (a) fully-opened vertical shaft model and (b) two-half 

cylinders model 

Fig 1 depicts the schematic view of the vertical shift model 

(a) and two-half cylinders model (b). In the vertical shift 

model, a liquid fuel pool with an area of 39 cm2 was placed 

at the centre of the model. A single ventilation gap of 3.6 cm 

width was opened at only one side for the onset of fire whirl. 

A thermocouple tree was placed at the centre of the model 

along the centreline of the fire whirl. For the two-half 

cylinders model, a pressure gas burner with the diameter of 

38.1mm was centred inside the two staggered half plexiglass 

cylinders. For the velocity measurements, the SPIV system 

which uses two imagers CMOS cameras were utilised to 

measure whirl circulation and inflow velocity nearing the 

fuel bed. As the positions of the fire whirl flame were 

significant unsteady, velocity images which the velocity 

profile fit to the Burgers vortex assumption, were collected 

for time-averaging. 

3.2 Computational domain and boundary 
conditions 

The general computational grid size can be determined 

through the characteristic length analysis based on the fire 

size [17]. Through characteristic length analysis, three non-

uniform structured mesh system (e.g. 0.015m, 0.01m, 

0.008m) can be utilized in small scale fire simulation which 

heat release rate is lower than 10 kw. However, as fire whirls 

induce tremendous swirling motion nearing fuel inlet, A 

0.005m refinement structured mesh was adopted to discretise 

the computational domain for the vertical shaft model. Fig. 

2(a) shows the mesh distribution of the computational 

domain for the vertical shaft model. The physical size of the 

computational domain is of 0.5m x 0.4m x 1.45m which 

consists of an extension region of 0.15m x 0.05m to minimise 

the end effect of boundary conditions for realistic 

representation of air entrainment through the vertical gap. 

The computational grid consists of a total 3,200,000 nodes. 

For the two-half-cylinders model, a hybrid mesh (i.e. 

structured and un-structured tetrahedra) is adopted as shown 

in Fig.2 (b). The structure mesh was placed at the centre of 

the model 0.05m x 0.05m x0.89m where the size of each grid 

is of 0.001m x 0.001m x 0.001m to ensure sufficient mesh 

resolution to resolve the fire whirl flame. For the other part 

of the other domains, a total number of 11,535,000 tetrahedra 

cells were adopted. 

 

Figure 2: Mesh resolution for the vertical shift model (a) 

and two-half cylinder model (b). 

4. Results and discussions 

4.1  Time-averaged centerline flame temperature 

In the vertical shift experiment, bare-wire K type 

thermocouple tree was utilised for temperature 

measurement. However, due to the lake of thermal shielding, 

0 
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the measured temperature could not truly reflect the flow 

temperature. To remedy this error, Wen et al. [18] proposed 

a correction method to revise the temperature reading base 

on the thermo-equilibrium assumption: 

�̇�𝑐𝑜𝑛𝑣_𝑡ℎ𝑒𝑟 == �̇�𝑟𝑎𝑑_𝑡ℎ𝑒𝑟  

ℎ𝑠,𝑐𝑜𝑛𝑣(𝑇𝑔,𝑐𝑜𝑟𝑟 − 𝑇𝑡ℎ𝑒𝑟) = 휀𝑡ℎ𝑒𝑟(𝜎𝑇𝑡ℎ𝑒𝑟
4 − �̇�𝑟) 

In general, the numerical predictions were satisfactorily 

against the corrected experimental readings. The main trend 

of the centerline temperature distribution was clearly 

presented, as shown in Fig 3. While the predicted 

temperature is slightly over-predicted at 0.2 m to 0.4m. The 

following reasons could cause these errors. Firstly, the 

equilibrium chemistry model is adopted for handling the 

combustion process. Furthermore, this model could over-

predict heat release at the fuel-rich region and fuel limited 

region. Secondly, as the limitation of the computational 

resources, the predicted combustion process only has two 

intermediate species (carbon monoxide and hydrogen), other 

pollutants were considered fully oxidised in the simulation. 

Thirdly, the fire whirl is not exactly developed at the centre 

of the vertical shift, thermocouples at the centre could post 

error reading. 

 

Figure 3: Axial, tangential, and radial time-averaged 

velocity comparisons between numerical and experiment of 

the two-half cylinders model. 

4.1 Time-averaged velocity profile 

Hartl and Smits [9] utilised the SPIV system to measure the 

velocity profile of a small-scale pressure burner fire whirl. 

The predicted velocities were time-averaged after the fire 

whirl was fully developed for an approximately 20 seconds 

after the fire whirl is fully developed at least 40 seconds. Fig. 

4 shows the comparison of measured and predicted time-

averaged velocity components along a horizontal line at the 

centre of fire whirl of 0.08 m above the fire bed. The 

predicted vertical velocity peak value and angular velocity 

peak are excellently compared with the measurement. While 

the distance between two angular velocity peaks is slightly 

under-predicted. This is indicating that the intensity of the 

swirl motion is slightly over-predicted by the numerical 

scheme. This also evidences in the slightly over-predicted 

radial velocity in the comparison. This because the 

equilibrium chemistry model over-estimate the heat release 

inside the fire whirl vortex core (fuel-rich region) which 

over-estimates the density contrast between the fire whirl 

core and surrounding air leading to the stronger turbulence 

suppression. According to Lei et al., the flame elongation and 

swirling core formation are closely related to the turbulence 

suppression. Stronger suppression could encourage higher 

swirling flame structure exhibiting higher radial velocity in 

the predicted results 

 

Figure 4: Axial, tangential, and radial time-averaged 

velocity comparisons between numerical and experiment of 

the two-half cylinders model. 

5. Conclusions 

In this article, numerical simulations have been performed 

on two reduced-scale fire whirl experiments using the LES 

turbulent model and mixture fraction combustion model with 

equilibrium chemistry assumption. While numerical 

predictions were compared reasonably well with 

experimental data, our predictions show that the equilibrium 

chemistry model could slightly over-estimate the heat release 

at the bottom of fire whirls. This discrepancy could also incur 

prediction error for the density difference between the vortex 

core and sounding air leading the over-prediction of radial 

velocity. In general, the predicted temperature trend along 

the vertical axis, vertical velocity, and angular velocity are in 

excellent agreement with the measurements. Overall, this 

paper presents a complete numerical scheme to capture flame 

temperature and the swirling flame structure of a fire whirl 

which is thoroughly validated against the experimental 

measurements. 
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Abstract 

Water in vapour form was injected into the intake manifold of a diesel engine to increase the relative humidity of the charge in 

an effort to reduce emissions. The test engine was operated under ambient conditions at various engine speeds with and 

without the use of a humidifier and the engine performance and emission parameters were measured. The relative humidity of 

the charge decreased with increasing engine speed because the humidifier produced a constant rate of water vapour. This 

increase caused a slight decrease in the engine power and torque, but there was a significant reduction in Nitrogen Oxides 

(NOx) emissions.  

Keywords: Diesel, Water Injection, Relative Humidity, Engine Performance, Emissions, NOx 

 

1. Introduction 

Emissions from engines cause respiratory problems in the 

human population, bring negative impacts on plants and 

vegetation and are the primary cause of the greenhouse 

effect, ozone depletion, and acid rain [1, 2]. 

Among many of the in-cylinder control techniques, Exhaust 

Gas Recirculation (EGR) is common technology used to 

reduce emissions [3]. Recirculating a portion of engine’s 

exhaust gases dilutes the reactants, which increases the 

ignition delay and reduces the exhaust gas temperature. 

Though this technique reduces the percentage of NOx 

emissions by a significant amount, the amount of soot 

emissions also increases significantly.  

Another in-cylinder technique is the Water-Injection (WI) 

system, either into the engine inlet or in emulsion with the 

fuel. A WI system reduces the local combustion 

temperature and thus reduces the NOx production rate and 

lowers soot and particulate contents in the exhaust [3]. Heat 

is absorbed by water in the form of latent heat and sensible 

heat, which in turn reduces the temperature in the 

combustion chamber [1].  

Water-in-diesel emulsion is more efficient than water 

injection in terms of performance characteristics and 

emission characteristics, as water is directly injected into 

the combustion zone. Water-in-diesel emulsion has longer 

ignition delay, lower NOx and soot emissions and higher 

brake thermal efficiency at all loads and speeds when 

compared to water injection [4]. However, the preparation 

and distribution of the emulsified fuel is more complex 

making the system challenging to implement commercially. 

With regards to water injection, it is a simple-to-implement 

system to reduce emissions without any modifications to 

the engine, although an additional water tank and filling 

system is required. 

Most in-cylinder techniques do not simultaneously reduce 

NOx and smoke emissions and the combination of these 

techniques incur additional costs including initial 

investment, maintenance and energy consumption [4]. 

Therefore, a simple technique needs to be developed to 

reduce the emissions. A WI system is tested in this paper to 

determine if it reduces NOx emissions without significantly 

affecting the performance of the engine.  

2. Methodology 

In this project, a single-cylinder, 4-stroke, vertical, air- 

cooled Yanmar L48N diesel engine was used (Figure 1). 

The engine has a bore of 70 mm, stroke of 57 mm with 

displacement 219 cc. The 2D schematic diagram (Figure 2) 

provides a clear picture of the experimental set up.  

 

Figure 1: Experimental set up with the use of the humidifier 

(The humidifier is on the floor with a white connecting hose 

towards the engine air inlet. The engine is seated on a 

yellow metal frame) 

Humidifier 

Engine 

Fuel line 
Exhaust 
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Figure 2: 2D schematic diagram of the experimental setup 

The engine was first operated at normal operating 

conditions (in this case, 40% Relative Humidity, 25○C 

temperature) at different engine speeds. Water vapour from 

a humidifier with a water output of 8 g/min was introduced 

to the intake manifold of the engine and the change in the 

relative humidity was observed. Engine power, torque, 

pressure and emissions at the two levels of relative 

humidity were measured and comparisons were made. The 

engine timings were not altered when adding the humidity 

to the intake manifold, so any changes in engine 

performance and emissions are purely due to the change in 

humidity of the charge.   

The water output of the humidifier was calibrated for a 

range of liquid water temperatures in the supply tank. The 

supply to the intake manifold was carefully sealed to ensure 

that the full output of 8g/min was added to the charge 

entering the engine.  

The engine speed range was selected based on the engine 

performance curves. Table 1 shows the change in relative 

humidity (RH) with the use of the humidifier at the chosen 

engine speeds. The RH with the humidifier was calculated 

based on the increased specific humidity due to the 

calibrated supply from the humidifier. Although this was 

greater than 100% at room conditions, there was 

insufficient time for water to condense in the engine prior 

to the compression stroke increasing the saturation pressure 

above the partial pressure of water vapour. Because the 

volume flow rate of air increases with increasing engine 

speed, the fixed increase in specific humidity has a smaller 

effect on the RH at higher engine speeds.  

Table 1: Change in relative humidity (RH) before and after 

the use of humidifier at nominal tested engine speeds 

Engine Speed 

(RPM) 

RH (Normal) RH (with humidifier) 

2600  10 40% 169% 

3000  10 40% 143% 

3600  10 40% 123% 

3800  10 40% 120% 

 

3. Random and Systematic Error 

The engine speed during the experiment was reduced 

manually from 3800 RPM to 2600 RPM with the use of 

water-load and this created scatter in the speed range from 

the optimum value. This random error in the experiment 

was reduced by recording measurements within a speed 

range with acceptable tolerance. 

Likewise, the effect of temperature on the strain gauge of 

the torque arm was not considered. As the load was varied, 

the change in temperature caused deviation in the absolute 

values of the engine torque by +3.2 Nm at all engine 

speeds.  

4. Results and Analysis 

The results from the experiment for the test engine have 

been compared based on the engine speed. The error bars 

for all results were so small that they are not noticeable in 

the plots. 

4.1 Pressure Traces 

The in-cylinder pressure values from the pressure sensor 

were extracted from the computer system for all tests. The 

results are calculated from the average of 50 cycles. 

Figure 3 shows the pressure trace at 40% RH for each 

engine speed. The desirable operation of peak pressure after 

TDC is maintained for all engine speeds. As expected, the 

timing of the peak pressure is advanced with increasing 

engine speed due to reduced time to complete combustion; 

this is allied with a reduction in the peak pressure. The 

fastest speed’s pressure is close to the motored pressure, 

being significantly lower than for other engine speeds 

during the power stroke. This demonstrates that this engine 

speed is at the upper limit of operation for this engine.   

In comparing the effects of humidity (Figures 4-7), the only 

significant effect on pressure is close to the slightly-

increased peak pressure. This indicates that the additional 

humidity does not affect the evaporation and mixing of the 

fuel, nor the ignition delay. The additional humidity, does 

however, affect the reaction rates of the combustion. 

 
Figure 3: Pressure trace at 40% RH at different engine 

speeds 
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Figure 4: Pressure trace for 40% RH and High RH at 2350 

RPM 

 
Figure 5: Pressure trace for 40% RH and High RH at 2950 

RPM 

 

 
Figure 6: Pressure trace for 40% RH and High RH at 3680 

RPM 

 

 
Figure 7: Pressure trace for 40% RH and High RH at 3800 

RPM 

 

4.2 Engine Performance 

Figures 8 and 9 present the variation of engine power and 

torque for all tests. The trend of torque decreasing with 

increasing engine speed is apparent from the results shown 

in Figure 3, while 3600 RPM provides the most power for 

both humidity levels. Unsurprisingly, both values at 3800 

RPM are significantly lower.  

The increased humidity slightly increased both power and 

torque, as expected from pressure traces (a small increase in 

the vicinity of the peak pressure).  
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Figure 8: Power versus Engine Speed at different levels of 

humidity 
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Figure 9: Torque versus Engine Speed at different levels of 

humidity 
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4.3 Emissions 

Figures 10-12 represent the variation of emissions for all 

tests. The hydrocarbons (HC) and CO both increased by 

significant amounts due to the increase in humidity, with 

the effect of increasing with decreasing engine speed, 

commensurate with the variation of RH with engine speed. 

It is apparent that the additional water in the combustion 

zone has impeded the carbon reaction pathways to some 

extent by altering the equilibrium of the hydrogen 

chemistry by converting oxygen radicals into OH. 

The NOx emissions were, however, significantly improved 

for the intermediate speeds (Figure 12). This is 

predominantly through the higher concentrations of OH and 

lower concentrations of O interfering with the nitrogen 

reaction pathways.   
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Figure 10: Hydrocarbon (HC) versus Engine Speed at 

different levels of humidity 
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Figure 11: Carbon Monoxide (CO) versus Engine Speed at 

different levels of humidity 
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Figure 12: NOx versus Engine Speed at different levels of 

humidity 

Overall, water injection has made significant reductions in 

NOx emissions with minor negative changes in HC and CO 

emissions. The additional water harvests oxygen radicals 

into OH, impeding both the carbon and nitrogen reaction 

pathways.  

5. Conclusion 

The water injection method has attracted attention for its 

potential to reduce NOx emissions without significant 

changes in soot emissions, engine performance and fuel 

economy. Experiments were conducted, injecting water in 

the inlet manifold to increase the humidity of the charge. 

The increasing humidity slightly improved engine 

performance without significantly affecting the timing of 

the reactions. It also changed the equilibrium of the 

chemical reaction pathways, introducing more hydrogen 

into the system, which bonds with oxygen more 

aggressively than carbon or nitrogen. As a consequence, 

both carbon and nitrogen were impeded from completing 

oxidation, which had the desirable effect of reducing NOx 

emissions while having the undesirable effect of increasing 

HC and CO emissions. This work provides a potential 

alternative for reducing NOx emissions without significantly 

affecting the engine operation.   
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ABSTRACT 
 
Combustion of ethylene was numerically investigated for a 2D axisymmetric scramjet 
geometry consisting of a diffuser, isolator, and combustor with zero, one or two cavity flame 
holders in a tandem configuration. One tandem configuration positioned the second cavity in 
a region of local shock impingement resulting from the leading cavity. The other 
configuration located the second cavity further downstream. Eilmer4 with local time stepping 
was used to solve the reacting flow domain using a 23 species skeletal ethylene combustion 
mechanism. Combustion efficiency increased >4% with the use of tandem cavities, over a 
single cavity. The shock impinged cavity provided more rapid combustion and less pressure 
losses indicating earlier combustion with downstream cavities to be beneficial to overall 
performance. 
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ABSTRACT

Algebraic  Flame  Surface  Density  (FSD)  models  for  Large-Eddy  Simulation  (LES)  are
developed using Gene-Expression Programming (GEP), a machine learning approach which
generates functional forms in a stochastic iterative process. This preliminary study applies
this approach to a DNS dataset of a turbulent premixed methane-air jet flame. A number
of  models  are  produced  and  compared  with  the  existing  models  from  the  literature  by
examining  the  predictions  of  the total  flame  surface  area,  correlation  coefficients  and
conditionally averaged FSD across the flame brush for different filter sizes. The performance
of the GEP developed models are found to be comparable or better than the existing models,
showing the potential of the GEP approach for developing algebraic FSD models.
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ABSTRACT 

 

This paper reports some new experimental and simulation results on the oxidation of 

hydrogen near its second explosion limit in a flow reactor. The experiment is conducted at 

950 K and 1.5-4 bar where the oxidation shows a negative dependence on pressure. The 

concentrations of H2, O2 and H2O are measured along the reactor and are simulated using 

existing kinetic models. Discrepancies are observed between the experiment and the models, 

which cannot be explained by the issues associated with reaction initialization that are typical 

of flow reactor simulation. Sensitivity analysis of rate controlling reactions also shows 

significant differences among the models studied. This indicates that, despite hydrogen being 

the most studied of all fuels, the kinetic models of hydrogen oxidation require further 

development 
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ABSTRACT 

 

The reaction of H + O2 (+ M) = HO2 (+M) is one of the most important reactions in hydrogen 

oxidation. This work determines the rate constant of this reaction (R2) by doping the slow 

oxidation of hydrogen with nitric oxide (NO) and measuring the resulting, quasi steady state 

concentration of NO2. The investigation is conducted in a turbulent flow reactor at 10 bar, 

900 K – 1000 K, equivalence ratio of 0.035 – 0.038, total reaction time of 0.28 s, and for NO 

addition from 0 to 1300 ppm. An updated Arrhenius equation is proposed for the reaction at 

the low-pressure limit, 2

2,0

Nk = 1.431×1014exp(+5604/RT), for 700 K – 1000 K by combining 

results from this work and the literature 
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Lignin is one of the major components in lignocellulosic biomass and regarded as the largest 

renewable source of aromatic polymers. Compared to those of other major components in 

biomass, valorization of lignin is more challenging because of lignin having heterogeneous 

structures with different interunit linkages. Fast pyrolysis is a promising thermochemical 

technology for converting lignocellulosic biomass into fuels and chemicals. During fast 

pyrolysis, lignin can be converted to liquid (bio-oil), solid (biochar) and gas, and the products 

derived from lignin pyrolysis have important roles in the chemical properties of bio-oil.  

It is known that biomass pyrolysis proceeds with the formation of a molten intermediate 

liquid phase, as an important phenomenon of biomass pyrolysis. Those intermediates are 

important precursors of volatiles thus determining the formation and properties of volatiles 

during pyrolysis. Some recent works have been carried out to improve the understanding of 

liquid intermediates from lignin pyrolysis. However, there have been no studies so far to 

characterise the structural changes of the low- and high-molecular-weight portions of lignin 

during pyrolysis. Therefore, this study employs solvent extraction [i.e., tetrahydrofuran 

(THF)] to separate the lignin and its char products from lignin pyrolysis into the THF-soluble 

(low molecular weight) and THF-insoluble (high molecular weight) portions. The structural 

changes of the THF-soluble portion and the whole char are then characterised by a series of 

techniques to provide an in-depth understanding of the char structural changes during lignin 

pyrolysis mechanism at low temperatures of 100–300 °C. 

Our results show that the low temperature pyrolysis of lignin mainly proceeds with the 

pyrolysis of the low-molecular-weight portion (i.e., the THF-soluble portion) via 

decomposition reactions into volatiles and polymerization reactions into the high-molecular-

weight portion (i.e., the THF-insoluble portion). The decomposition of the THF-soluble 

portion starts at ~150 °C, mainly due to the loss of the hydroxyl groups as well as the alkyl 

aliphatic chains. Significant decomposition of the THF-soluble portion occurs at ~175 °C, 

mainly because of the cleavage of weak ether bonds linked with β-carbon or γ-carbon, 

resulting in demethoxylation and release of some phenolic monomers or oligomers. 

Significant polymerization reactions start at ~175 °C, leading to the increase of the THF-

insoluble portion from ~31% in the raw lignin to ~67% in the char produced at 250 °C. 

Majority of the functional groups such as hydroxyl, methoxyl, aliphatic and 

carbonyl/carboxyl gradually decrease with increasing pyrolysis temperature, resulting in the 

formation of more condensed char as evidenced by the decreased H/C atomic ratio (i.e., 0.78 

at 300 °C) and the increased aromaticity (i.e., ~91% at 300 °C) from NMR analysis. 
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ABSTRACT 

 

In this paper, injection of methane from a prototype outward opening injector into a quiescent, 

non-reacting, constant volume chamber (CVC) is modelled by using large-eddy simulation 

(LES). A range of thermodynamic conditions that are relevant to direct injection, spark ignition 

(DISI), compressed natural gas (CNG) engines is considered by varying the CVC and fuel rail 

temperature (298 K and 360 K) and CVC pressure (0.4, 1 and 3 bar). The results are validated 

against high-speed schlieren imaging. The internal geometry and motion of the injection 

hardware is simulated and the probability of finding a flammable mixture is determined. 

Results show that the most flammable region is formed at the edge of the jet, and this region is 

mainly affected by the recirculation zone and mixing regions. The location of the most 

flammable zone changes based on the CVC pressure. For PCVC=3 bar, the most flammable 

region is around the recirculation zone whereas for PCVC=1 bar, the far-mixing region affects 

the location of the most flammable region. It is observed that increasing the chamber 

temperature slightly changes the size of the flammable region. 
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ABSTRACT 
 
A modified Directed Relation Graph with Error Propagation and Sensitivity Analysis 
(DRGEPSA) is applied to reduce the AramcoMech 1.3 mechanism for combustion of 
hydrogen-methane mixtures. As opposed to reduction based on errors in homogeneous zero-
dimensional (0D) reactors, this modified DRGEPSA technique considers the error in the 
laminar flame speed, sL in one-dimensional (1D) freely propagating flames (FPFs). This 
results in a 25 species, 126 reaction, reduced mechanism that tracks its parent mechanism 
over 0-90% hydrogen on a volume basis in the mixture under atmospheric conditions. This 
reduced mechanism is compared to another reduced mechanism based on AramcoMech 2.0 
obtained using a similar technique but the error is based on the autoignition delay time, τ. It is 
found that using a modified DRGEPSA with the error based on sL can obtain a reduced 
mechanism that has less mean deviation in sL from its parent mechanism compared to 
reductions based on the error in τ. 
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ABSTRACT 

 

Direct numerical simulations (DNSs) of a turbulent premixed flame are conducted using two 

different reduced chemical mechanisms to assess the impact of chemistry modelling on direct 

combustion noise. A semi-global, 2-step mechanism and a skeletal mechanism featuring 38 

reactions are used. It is shown that the acoustic spectra differ in the higher frequency range 

 . The instantaneous flame front and flow statistics downstream of the flame, as 

well as the heat release rate, are shown to be significantly different between the two cases. 

Future work will include a more complete analysis of the impact of chemistry and 

turbulence/flame interaction on the sound generated to assess which of these features, or 

others, contribute to the differences in the observed spectra. 
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ABSTRACT 

 

The effects of elevated pressures on combustion in hot, low oxygen environments, such as 

moderate or intense low oxygen dilution (MILD) combustion, are currently not well 

understood. To meet this gap in understanding, a confined-and-pressurised jet-in-hot-coflow 

(CP-JHC) burner has been developed to facilitate optical diagnostics of turbulent flames in 

hot and vitiated coflows for studies of flame stabilisation, structure and soot formation at 

elevated pressures. The CP-JHC burner has been designed for steady operation at 10 bar(g) 

with internal temperatures of up to 1975 K with a water-cooled, central jet issuing into a hot 

oxidant stream produced by a non-premixed burner. This paper describes the CP-JHC burner 

and peripheral systems, and presents a selection of results from commissioning and initial 

testing. Temperature measurements of the hot coflow with heat inputs of 9–17 kW are used 

to estimate the enthalpy deficit of the stream, with thermal efficiency increasing with 

increasing heat input, and decreasing with increasing pressure. Preliminary mean and 

instantaneous images of turbulent natural gas/H2 and C2H4 flames, with and without 

chemiluminescence filters, are discussed in context of ignition pathways and soot formation 

at elevated pressures to highlight the need for future studies in this newly developed burner. 
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ABSTRACT 

 

This work investigated the ignition and combustion interaction processes between two 

consecutive jets of iso-octane and n-heptane inside a quiescent steady environment with 

ambient density of 22.8 kg/m3, O2 concentration of 21 vol.% and varied ambient temperature 

to account for the difference in ignition delays of the fuels. Three injection schedules were 

tested, including a pilot-main injection, in addition to a single injection with comparatively 

short and long injection durations as reference cases. High-speed schlieren imaging, pressure 

trace measurements and photodiode signal revealed that for both fuels, the high-temperature 

ignition of the second injection occurred after penetrating into the high-temperature 

combustion products from the first, with observed correlations between their associated heat 

release profiles with their differences in mixing time prior to ignition. Under the test 

conditions of this work, relative to the single injection reference cases, the interactions 

between the consecutive injections led to reduced ignition delay time of the second injection. 
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ABSTRACT 

 

Iso-octane and n-heptane were injected into a quiescent environment with ambient gas 

density of 22.8 kg/m3 and 21 vol.% O2 concentration, following a pilot-main injection 

duration schedule of 2.6/0.2 dwell/6.5 ms. High-speed schlieren imaging was used to 

visualize the spray-vapor penetration trends and the progression of ignition events. Non-

reacting jet models and Closed-Homogeneous Reactor (CHR) simulations were used to 

provide additional insights. The schlieren images show that a shorter dwell time provides a 

longer period for the second injection to mix with the products of the first injection until the 

high-temperature ignition occurs. The relevance of the prolonged mixing is highlighted by 

the simulation results, which suggest that the local temperature increase and the reactive 

intermediates from the pre-ignition reactions of the pilot injection considerably affect the 

ignition characteristics of the main injection. 
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A high-order accurate hybrid large-eddy simulation/probability density function (LES/PDF) 

solver is applied to simulate an experimental lifted H2/N2 jet flame in hot vitiated coflow. 

Artificial fluid properties are employed to compute the sub-grid scale stress, heat flux and 

species mass flux in the LES. The joint PDF of the transported composition variables is 

solved with the aid of a Lagrangian Monte-Carlo simulation. A tightly coupled weak second-

order accurate time integration scheme has been implemented to integrate the stochastic 

governing equations. Spatially second order schemes are employed for interpolation and 

mean estimation algorithms which establish the data transfer across the hybrid solvers. The 

simulation results of the lifted flame show reasonable predictions as compared to the 

experimental measurements. A detailed comparison of the statistics at different axial 

locations is presented for various scalar fields. The flame lift-off height, which is extremely 

challenging to predict accurately due to its high sensitivity to coflow temperature, is under-

predicted in the current simulation. Overall the results show the capability of the LES/PDF 

model employing the hybrid Eulerian-Lagrangian solution methodology to simulate a 

challenging lifted turbulent flame. 

 

 

156



A-priori evaluation of low-dimensional manifold combustion 
models under diesel engine conditions 

 
Deepak Dalakoti 1, *, Armin Wehrfritz 1, Bruno Savard 2 and Evatt Hawkes 1,3 

1School of Mechanical and Manufacturing Engineering, The University of New South 
Wales, NSW, Australia 

2
 Department of Mechanical Engineering, University of Ottawa, Ottawa, Canada 

3School of Photovoltaic and Renewable Energy Engineering, The University of New 
South Wales, NSW, Australia 

 
ABSTRACT 

 

The dataset from a recent DNS of a spatially developing turbulent jet flame in diesel engine 

conditions was used to a-priori evaluate low-dimensional manifold (LDM) combustion 

models.  Three canonical configurations, namely zero-dimensional (0D) homogeneous 

reactors, one-dimensional (1D) unstrained premixed flames and a two-dimensional (2D) 

laminar flame were considered for chemistry tabulation. The reaction rate of progress 

variable was used to estimate the performance of the canonical configurations for 

representing the DNS data. Results indicate that the 0D homogeneous reactors cannot even 

qualitatively reproduce the DNS reaction rate. The 1D and 2D flames have a conditional 

flame structure qualitatively similar to the DNS. A quantitative evaluation reveals that the 0D 

homogeneous reactors incur the highest error in approximating the DNS reaction rate. The 

2D laminar flame has the lowest error, marginally better than 1D premixed flames. This 

observation indicates the importance of diffusion processes in the turbulent flame. A new 

definition of progress variable is tested and is shown to be better than the conventional 

definition used in literature. These results indicate the importance of a prudent choice of 

progress variable and the canonical configuration for accurate combustion modelling. 
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ABSTRACT 

 

Reverse-cross-flow (RCF) chamber where air and exhaust is at same side and the fuel is 

crossly injected w.r.t air is investigated having high injection velocities (~50-100 m/s). 

Sufficient exhaust gas recirculation and controlled mixing has been demonstrated to result in 

low pollutant emissions (NOx/CO~10/10 PPM) and stable combustion (pressure fluctuations 

< 0.02 %). Here, we demonstrated the reaction zone characteristics of RCF with variation in 

the fuel jet momentum. Fuel injection diameters of 1 mm, 1.5 mm and 2 mm were used to 

vary the fuel jet momentum, so that, the fuel to air-jet momentum flux ratio varies from 5.15, 

1.02 and 0.32 respectively (at global fuel-to-air ratio 0.8). Other parameters were kept the 

same. The reaction zone is characterized by imaging the distribution of the OH radical using 

planar laser-induced fluorescence (PLIF) at the mid-plane where the fuel, air, and exit ports 

are located. The flame front and its transient behaviour are identified using the gradient of the 

instantaneous OH signal. The reaction zone is observed to be located at the periphery of the 

air jet, possibly due to the mixing of reactants and hot burned products in the shear layer. The 

air jet/PLIF signal is found to be deflected more with an increase in fuel-to-air jet 

momentum.  
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ABSTRACT 

 

The aim of this work is to present an experimental and numerical study of ammonia oxidation 

and pyrolysis in a Jet Stirred Flow Reactor. Tests were performed for mixtures with different 

equivalence ratios and several bath gases as a function of the mixture inlet temperature. In 

order to evaluate the potential impact of heterogeneous effects, further tests were performed 

adding water vapor to passivate the reactor surface. Experimental results were compared with 

numerical simulations using different kinetics mechanisms available in literature. 

Experimental results ammonia oxidation occurs through three different kinetics regimes: low, 

intermediate and high temperatures. NOx and H2 concentration profiles are very similar for 

low and intermediate temperatures but exhibit a strong dependence on the equivalence ratio 

for high temperatures. Surface effects are restricted to the NOx profiles in the intermediate 

temperature regime and do not affect the O2 and H2 concentrations. Pyrolysis tests have 

shown that ammonia decomposes at inlet temperature higher than 1100 K. In pyrolytic 

conditions, the heterogeneous reactions affect the ammonia reactivity, by enhancing its 

decomposition. None of the used kinetic models could accurately reproduce the experimental 

data in the considered operating conditions. The main differences among mechanisms is the 

description of the low-intermediate temperatures reaction pathways. Peculiar attention should 

be paid to ammonia pyrolysis chemistry. 
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ABSTRACT 

 

The moderate or intense low oxygen dilution (MILD) combustion regime has been the topic of 

interest for various studies, particularly in an attempt to classify the flames that are observed. 

Flameless and autoignitive flames share many of the same characteristics with MILD 

combustion, pushing work towards the characterisation of this type of combustion with more 

rigid guidelines. Through dilution of ethylene with N2, H2O, and CO2, classification of MILD 

and autoignitive regimes has been examined in this work on the basis of activation energy and 

inlet temperature. Using numerical batch reactors, the effect of the diluent on the classification 

of combustion under two different definitions is made, finding that the nature of diluent has 

little effect on the boundary between the two for a fixed oxygen fraction and inlet temperature. 

It is also found that a dual stage ignition process is consistent with the MILD regime. 

Classification of MILD combustion based on equivalent activation energy remains a consistent 

approach across the different diluents in determining the boundaries between autoignitive and 

MILD regimes when compared with previous definitions.  
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ABSTRACT 

 

Moderate or intense low-oxygen dilution (mild) combustion has been identified as a 

promising method for the reduction of emissions and increase in performance for a range of 

practical devices. Mild combustion at elevated pressures is of particular interest, due to the 

potential of implementing the technology in gas turbines to achieve NOx reductions. One of 

the challenges regarding the numerical modelling of mild combustion is the fact that the 

regime is characterised by a near-unity Damköhler number, meaning that the effects of both 

turbulence and finite-rate chemistry must be captured in detail. A promising model for 

describing this turbulence-chemistry interaction is the eddy dissipation concept (EDC); 

however, previous investigations have been limited to the case of atmospheric pressure. This 

study focuses on extending a form of the EDC model which has been optimised for the mild 

regime, to simulate combustion at pressures of up to 10 bar(a), with some experimental 

results at pressure included for comparison. The experimental work was performed using a 

confined and pressurised jet in hot coflow (CP-JHC) combustor, and a brief description of 

this apparatus is provided. The comparisons—although only qualitative in nature—indicate 

that the model predicts the lift-off height well at a pressure of 5 bar(a), although the lack of a 

soot model places limitations on the simulation results. The modelling indicates a reduction 

in both temperature and flame length as pressure is increased, which are attributed to a 

decrease in turbulence intensity and jet velocity, respectively.  
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ABSTRACT 
 
Flames in hot, low oxygen environments exist in a variety of practical applications. These              
conditions result in significant mixing between fuel and combustion products, such as water             
vapour, or diluents included for emissions control. The chemical and physical effects of water              
vapour as a diluent are investigated in a series of ethylene flames in a jet in hot coflow burner                   
to determine the effects on temperature and soot fields. The combined analyses of             
photographs, non-linear excitation regime two-line atomic fluorescence (NTLAF) of indium,          
planar laser-induced incandescence (LII) and one-dimensional opposed-flow flame        
simulations demonstrate the dominance of the chemistry, driven by the hot and diluted             
oxidant, in soot reduction. Although photographs appear to suggest that both highly vitiated,             
and highly diluted flames have global effect on the flames, detailed measurements reveal             
significantly different trends in their soot and temperature fields. The chemical contribution            
of water vapour as a reactant, as a third-body in ethylene decomposition and a source of H                 
and OH in the rich mixture is further described, and trends subsequently identified, in the               
context of formation of polycyclic aromatic hydrocarbons and soot reduction. 
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ABSTRACT 
 
This study presents the first investigation of the influence of solar-to-fuel energy input ratio              
(S/F) on performance and stability characteristics of hybrid processes of solar and MILD             
combustion of H2. A laboratory-scale MILD Hybrid Solar Receiver Combustor was operated            
at 8-kWth capacity under MILD combustion and in the mixed-mode (MILD plus solar energy              
simultaneously). An 18-kWe three-lamp metal halide solar simulator and the combustion of            
pure hydrogen were used as energy sources. The global combustion performance and stability             
limits for each mode of operation are reported for different levels of heat extraction and S/F                
values in the range 5-25%. It was found that similar thermal performance can be achieved for                
both modes across a wide range of conditions, together with steady operation in response to               
transients, indicating for the first time that MILD combustion can be used to efficiently              
compensate for variability in the solar resource. Steady solar-MILD operations retain similar            
features of conventional MILD processes (nearly-zero emissions, thermal field uniformity)          
even at relatively high S/F ratio. The global combustion characteristics, performance and            
stability limits are found to correlate with S/F in the mixed mode, while the operability region                
for which steady MILD processes can occur was found to increase significantly by adding              
high-flux concentrated solar radiation to the combustion process and by increasing S/F. 
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ABSTRACT 
 
Soot evolution and its correlation with the residence time have been experimentally            
investigated in a series of turbulent bluff-body flames. Laser-induced incandescence (LII)           
was employed to measure soot volume fraction (SVF), and Particle Image Velocimetry (PIV)             
was used to measure the flow field. The flame volume for each case was estimated from the                 
luminosity images. The flames were stabilised on three axisymmetric bluff-body burners with            
different bluff-body diameters (38, 50, and 64 mm) but are otherwise identical in dimensions.              
A mixture of ethylene/nitrogen (4:1 by volume) issued from a 4.6 mm central round jet to the                
surrounding co-flowing air at a bulk Reynolds number of 15,000. The annular air velocity              
was kept at 20 m/s constant for all cases. The highest soot volume fraction was found in the                 
recirculation zone within the outer vortex, adjacent to the co-flowing air for all three cases.               
The total mean SVF almost doubled, from 140 ppb to 250 ppb when using the 64 mm burner               
as compared to the 38 mm burner. A small amount of soot was observed in the neck zone and                  
appeared to have been transported from the recirculation zone. The SVF in the jet region               
decreased with increasing the bluff-body diameter, which is found to be related to the              
decrease in the estimated total volume of the flame by almost 9%. 
 
 

164



An Experimental Study of Laminar Flame Speed of Partially 
Dissociated NH3 and Air Mixtures 

Herry Lesmanaa, Mingming Zhua*, Zhezi Zhanga, Jian Gao b, Junzhi Wua,c, Dongke Zhanga,b 

a Centre for Energy (M473), The University of Western Australia, 35 Stirling Highway, 
Crawley, WA 6009, Australia 

b Key Laboratory of Biofuels, Qingdao Institute of Bioenergy and Bioprocess Technology, 
Chinese Academy of Sciences, Qingdao, 266101, China  

c Shanxi Institute of Energy, Jinzhong, Shanxi Province, 030600, China 
 

 
ABSTRACT 
This paper presents an experimental study of the laminar flame speed of partially dissociated              
NH3 in air over the equivalence ratio of 0.9 to 1.2. The experiments were carried out using a                  
vertical tube flame propagation apparatus under ambient temperature and pressure conditions.           
The ignition and flame propagation processes were recorded using a CCD camera and             
analysed to obtain the laminar flame speed. The degree of NH3 dissociation varied from 0 to                
10% (0 to 7.5 %v/v H2 in the fuel mixture with a fixed H2/N2 ratio of 3). It was shown that a                      
higher degree of NH3 dissociation led to a larger initial flame kernel size upon ignition due to                 
the presence of H2. Regardless of equivalence ratio, the laminar flame speed increased with              
increasing the degree of NH3 dissociation. By increasing the NH3 dissociation from 0% to              
10%, the maximum laminar flame speed was increased from 7.83 to 9.76 cm.s-1 at the               
equivalence ratio of 1.10. 
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ABSTRACT 

 

Rotating detonation engines (RDEs) use a continuously propagating detonation contained 

within an anulus to generate thrust. Although some of the geometric constraints are known, 

many have not yet been identified. It has been shown that larger channel widths result in 

greater thrust due to greater fuel consumption. Since more fuel must be consumed to generate 

the increased thrust, 𝑇, there may also be a variance in specific impulse,𝐼𝑠𝑝. It has also been 

found sufficiently increased channel widths result in a slowing of the detonation propagation 

velocity, 𝑉𝐷. A numerical study is presented of RDE models with varying channel widths 

using three dimensional modeling and large eddy simulation of a premixed 𝐻2/air detonative 

reaction. 𝑉𝐷, 𝑇, and 𝐼𝑠𝑝 have been computed, and second order polynomial functions have 

been fitted to the data, although the functions have not been verified. 
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