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Message from the Chair man of the ANZ  Section of The 
Combustion Institute  

 

 

 

The Australian Combustion Symposium continues to bring together leading 

scientists and students from Australia to advance a guiding theme of ñclean 

combustion in a changing and decarbonized energy worldò. This global 

challenge is immense and its timely solution requires closer international 

collaborations and solid interactions with industry, government, and other 

research bodies involved with the production of various green fuels. These 

issues were highlighted in the excellent presentations of 54 contributed 

papers, two reviews, and two keynote speakers. Professor Jose Torero from 

University College London, presented the opening Bilger Lecture giving an 

insightful perspective on the broader role of carbon-neutral processes in nature, while Professor 

Zhuyin Ren from Tsinghua University delivered an excellent Keynote Lecture on the ñImplications 

of transport properties for flame dynamics and NOx formation in hydrogen-fuelled gas turbinesò. 

 

As Chairman of the ANZ-Section and on behalf of all our membership and delegates, I would like to 

thank the University of Queensland for hosting this event and the local organizing committee for their 

tireless work and dedication in making the 2025 Australian Combustion Symposium an outstanding 

success. In particular, our thanks go to the organising committee which included Dr Alex Klimenko 

as Chair, Dr Yuanshen Lu, Dr Azadeh Jafari, Prof. Vincent Wheatley, Prof. Anand Veeraragavan, Dr 

Muxina Konarova, Dr David Morrisset. This year, the ANZ-CI has awarded travel grants to 17 higher 

degree researchers to facilitate their attendance to the Symposium. The 2027 Australian Combustion 

Symposium will be held at Curtin University in Perth, Western Australia. 

 

 

Assaad R. Masri 

7 December 2025 
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Preface  

 

The Australian Combustion Symposium 2025 (ACS-2025), held under the auspices of The 

Combustion Institute, was organised by The University of Queensland at a time of rapid technological 

change across the energy sector. These are particularly exciting times for energy-related science, 

opening new horizons and opportunities for the Combustion Institute. Those opportunities were 

reflected in the symposium program, with more than 60 presentations from Australian and 

International participants spanning hydrogen and ammonia, carbon control and environmental 

impacts, batteries and bushfires, alongside a few other topics that reflect traditional strengths of 

combustion research. The symposium also represents an important step in preparation for the 40th 

International Symposium on Combustion (ICS-2026) in Kyoto.   

In consultation with The Combustion Institute, the organising committee adopted a revised 

proceedings format: extended abstracts for regular presentations, and full papers for keynotes and 

invited reviews. This change reflects current publication practices that increasingly favour subsequent 

journal submission of material not previously published in conference proceedings. To support 

preparation for ICS-2026, the organising committee also offered a pre-review of prospective ICS 

submissions as a service to the CI community. All submissionsðextended abstracts and full papersð

were reviewed in a process supervised by the editors of the volume, with corrections requested for the 

final submission.  

The decision of the Bilger Award Committee to confer the Bilger Early Career Research Award on 

Dr Andrew Macfarlane was announced at the symposium. The organising committee also 

congratulates Professor Masri on his election as President-elect of The Combustion Institute. 

The organisers thank The University of Queensland, the Faculty of Engineering, Architecture and 

Information Technologyðespecially the School of Mechanical and Mining Engineeringðand 

affiliates of the Centre for Multiscale Energy Systems for logistical and technical support, and are 

grateful to our industrial sponsors for their generous contributions. 

 

 

A.Y. Klimenko 

on behalf of the Organising Committee 

at the University of Queensland 

 

December 2025 
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Symposium Organisers  

Australian Combustion Symposium 2025  

ð Clean Combustion in a Changing and Decarbonised Energy World 

The biennial meeting is Australia's preeminent conference in the field of combustion. It continues the 
tradition of a well-established series of events, including previous conferences held in Darwin (2023), 
Toowoomba (2021), Adelaide (2019), Sydney (2017), Melbourne (2015), and Perth (2013). These 
conferences are organized by the Australia and New Zealand section of the Combustion Institute. 
The upcoming Australian Combustion Symposium 2025 will be held at the University of Queensland, 
St Lucia Campus, Brisbane, Queensland on 1-4 Dec 2025. 

 

 

Organising committee 
 
Dr Alex Klimenko, Chair 
Dr Yuanshen Lu, Co-chair 
Professor Vincent Wheatley 
Professor Anand Veeraragavan 
Dr Muxina Konarova 
Dr David Morrisset 
Dr Azadeh Jafari 
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Symposium 2025 Programme  

Date/time  
(AEST, UTC+10) 

St Leoôs College, UQ* 

Day 0, Monday 1st December  

6:00 pm -9:00 pm Registration and Reception ï held at St Leoôs College Deck 

 

 
Date/time  Hawken Engineering Building (#50) - 

T203 (including Plenaries**)  
Hawken Engineering Building (#50) - 
T103  

Day 1, Tuesday 2nd December  

8:30 am ï 8:45 Opening  (Chair Klimenko) 
Welcome from the Combustion Institute (Masri) 

8:45 ï 9:30 Bilger Lecture  - José L. Torero (Chair Masri) 

9:30 ï10:00  Morning tea (30 min) 

10:00 am ï 12:00 
pm 

S1 Clean Fuels (Chairs Medwell & Lu)*** S2 Turbulent Flames (Chairs Hng & G.Li)*** 

1 ACS25106 ï On the Autoignition of Turbulent 
Flames of Oxy-Methylene Fuels 
H.A. Samara*, M.J. Dunn and A.R. Masri 

ACS25108 ï Large Eddy Simulation of Hydrogen 
Premixed Flames in a Laboratory Scale Burner 
M. N. Ali*, M. Talei, N. Rouland and B.Cuenot 

2 ACS25117 ï The Impact of Boost on the 
Combustion and Autoignition behaviour of 
Hydrogen and Natural Gas Blends in a CFR 
Engine 
B.L. Hayward*, M.J. Brear, F. Poursadegh, and Y. 
Yang 

ACS25158 ï Turbulenceïchemistry interaction in 
premixed hydrogen and methane flames at 
comparable Karlovitz and Reynolds numbers 

M. Gauding*, J.Z. Ho, M. Talei and H. Pitsch 

3 ACS25156 ï Effects of differential diffusion on the 
critical velocity gradient of hydrogen flashback in a 
laminar boundary layer 
T. Komatsu*, J. Lin and E.R. Hawkes 

ACS25136 ï Impact of Hydrogen Addition on the 
Acoustic Characteristics of Open, Swirled, Turbulent 
Premixed Methane-Air Flames 
J. Fleger*, V. Ahmadi, J. Ho, A. Rostami, M. Talei 
and S. Kheirkhah 

4 ACS25109 ï Impact of Hydrogen Addition to 
Natural Gas on Combustion Dynamics in a Model 
Combustor 
A.A. Alahmadi, M. Talei*, Y. Yang and M.J. Brear 

ACS25131 ï LES of Turbulent Premixed Methane 
and Propane Jet Flames Using G-Equation 
Modelling 

A. Essamaldin*, M. Talei and Ö.L. Gülder 

5 ACS25122 ï Numerical Investigation of Hydrogen 
Adaptation Strategies in an Industrial ï Scale Iron 
Pelletiser 
M.A. Chishty*, A. Katoch, W. Saw, G. J. Nathan, 
M.J. Evans, P.R. Medwell and A. Chinnici 

ACS25112 ï A New Bluff-Body Burner to Stabilize 
Turbulent Lean Flames Based on the Concept of 
Compositional Inhomogeneity 
A. Kattan*, M.J. Dunn and A.R. Masri 
 

6 ACS25142 ï Convolution Neural Network Based 
Filtered Reaction Rate model for Thermo-
diffusively Unstable Hydrogen flames 
K. Thakur*, M. Pandey, K. Agrawal, A. Klimenko  
 
 
 

ACS25111 ïTowards computations of turbulent 
stratified flames using MMC- LES with shadow-
position reference variable and detailed 
N.N. El Hakim*, M.J. Cleary and A.R. Masri 
 

12:00 pm ï 1:30 
pm 

Lunch (1.5 h) 

1:30 ï 3:30 S3 Turbulent Combustion/Clean Fuels  
(Chairs Wandel & Chishty) 

S4 Combustion Engines (Chairs Talei & 
Wheatly) 

1 ACS25105 ï A Study Over the Excitation 
Frequency for CN and CHϜO PLIF: A Broad 
Range Wavelength Scan in NHϝïDME Flame 

H.A. Samara*, A.R.W. MacFarlane, M.J. Dunn and 
A.R. Masri 

ACS25126 ï High-pressure direct injection of 
hydrogen or methanol in a heavy-duty diesel engine 

Y. Zhao, S. Chan and S. Kook* 
 

2 ACS25140 ï Ignition and Combustion 
Characteristics of Methanol 

K. Aryal, G. Zhai, K.M. Pang, S. Xu, G.H. Yeoh 

and Q.N. Chan* 

ACS25121 ï Performance Improvement of a 
Hydrogen-fuelled Spark-ignited Internal Combustion 
Engine by Ammonia Addition 

A. Sherwood, Y. Yang* and M. Brear 
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3 ACS25155 ï Stability and Emission 
Characteristics of a Scaled-Down Industrial Dual-
Swirl Burner Operated with 100% Hydrogen 

A. Katoch*, M.A Chishty, P. Medwell, G. J Nathan, 
A. Chinnici 

ACS25135 ï Capturing Thermoacoustic Instability in 
a Dry Low-Emission Gas Turbine Combustor: A 
Numerical Study  

J. Fleger*, S. Jella , J. Ho and M. Talei 

4 ACS25128 ï Chemical investigation of hydrogen 
peroxide as an oxidant and steam carrier for 
hydrogen combustion 

J.A.C. Kildare*, M.J. Evans, M.A. Chishty, P.R. 
Medwell, and A. Chinnici 

ACS25127 ï Simultaneous measurement and view-
factor reconstruction of radiative and convective 
heat transfer of impinging flames under engine-like 
conditions 

J. Cao, T. Li and S. Kook* 

5 ACS25151 ï Experimental Study of Raw and 
Torrefied Biomass Blends under Air Staging in a 
Fixed-Bed Combustor 

A. Elsebaie*, Y.M. Al-Abdeli, M. Zhu and S. Riaz 

ACS25133 ï On the Prediction of Combustion-
Induced Unstart in a Scramjet 

M.A. Trudgian* and A. Veeraragavan 

6 ACS25139 ï An Improved Mixing Distribution for 
Modified Curlôs Mixing 

M. du Preez and A. P. Wandel* 

ACS25107 ï Numerical simulations of laser-ignited 
hydrogen jets using gaseous Lagrangian particle 
tracking method 

S. Wang, S. Xu*, G. Zhai, K.M. Pang and Q.N. Chan 

3:30 ï 4:00 Afternoon tea (30 min) 

4:00 ï 4:45  Plenary Review - Agi Kourmatzis (Chair Lu) 

 End of the day 

Notes: *located within the UQ St Lucia campus . 

**All p lenar y sessions are held in 50 -T203. 

**Each presentation in parallel sessions is 20 -minute -long including 5 min Q&A.  
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Date/time  
(AEST, UTC+10) 

Hawken Engineering Building (#50) - 
T203 (including Plenaries*)  

Hawken Engineering Building (#50) - 
T103  

 Day 2, Wednesday 3rd December  

9:00 am - 9:45 Keynote Lecture  - Zhuyin Ren (Chair Klimenko) 

9:45 - 10:20 Morning tea (35 min) 

10:20 am - 12:00 
pm 

S5 Soot, Nanomaterials, and Large 
Molecules (Chairs Yang & Klimenko) 

S6 Fire Research 1 (Chairs Morrisset & 
Kourmatzis) 

1 ACS25130 ï Surface growth of carbonaceous 
nanoparticles by molecular dynamics simulations 

E. Goudeli*, A. Ganguly, A. Fakharnezhad, G.A. 
Kelesidis and S.P. Roy 

ACS25157 ï Effect of ventilation on heat release 
rate and smoke properties in model tunnel fires 

J. Bielawski, W.K. Cheung, D. Luan, X. Huang, W. 
WňgrzyŒski* 

 

2 ACS25110 ï Experimental investigation of silica 
deposition from siloxane decomposition in 
biomethane combustion 

K.M. Ng*, T.S.M. Fernando, M.R. Yosri, A. Duan, 

E. Goudeli and M. Talei 

ACS25124 ï Effect of fire-retardant treatment on 
flaming behaviour of CCA-treated timber 

Z. Darabi*, J.J. Morrell, F. Wiesner, T. Singh, L. 
Yermán 

3 ACS25113 ï A Numerical Investigation of Process 
Parameters Affecting Silica Nanoparticle 
Deposition During Biomethane Combustion 

T. S. M. Fernando, K. M. Ng, M. R. Yosri, E. 

Goudeli and M. Talei* 

ACS25138 ï Characterising Li-ion battery thermal 
runaway types 

H.K. Wyn*, W. Wu, D. Morrisset, S. Zarate and D. 
Lange 

4 ACS25119 ï Nucleation, Surface Growth and 
Coagulation of Soot by Hierarchical Modeling 

A. Fakharnezhad, G. A. Kelesidis, J. D. Berry and 
E. Goudeli* 

ACS25118 ï Quantifying the effectiveness of water 
as a bushfire suppressant in a combustion wind 
tunnel 

A.L. Sullivan* and M.P. Plucinski 

 

5 ACS25134 ï Large Eddy Simulation of Pilot Fuel 
Soot Oxidation in Methane/n-Heptane Dual Fuel 
Combustion 

L. Munck*, J.C. Ong, K.M. Pang, G. Zhai, Q. N. 

Chan and J. H. Walther 

ACS25154 ï The effect of boundary conditions and 
transient exposure on ignition times 

A. Singh*, D. Morrisset, W. Wu, N. White and J. 
Leonard 

12:00 pm - 1:30  Lunch (90 min) 

1:30 - 3:10 pm S7 Gas-phase Reaction Kinetics (Chairs 
Cleary & Konarova) 

S8 Fire Research  2 (Chairs Kook & Goudeli) 

1 ACS25123 ï The Effect of NH3 and NO additions 
on H2 Oxidation at the Second Explosion Limit 

G.J. Gotama, F.A.F. Gomes, A. Sherwood, Y. 
Yang*, and X. Lu 

ACS25125 ï Coupled gas-phase and solid-phase 
measurements for downward flame spread over 
PMMA 

D. Morrisset, A. Padhiary, A.O. Ojo, R. Hadden, B. 

Peterson* 

2 ACS25129 ï Oxidation of methane/hydrogen and 
ethane/hydrogen mixtures at elevated pressures 
and temperature 

F.A.F Gomes*, Y. Yang and M. Talei 

ACS25152 ï Experimental Investigation of 
Smouldering Propagation in Encapsulated Cross-
Laminated Timber 

H. Wu*, D. Morrisset, and A. Orabi 

3 ACS25143 ï Oxygen-assisted H2-based iron ore 
reduction in shaft furnace: a DEM-CFD coupled 
modelling study 

C. Zhang, and Y. Lu* 

ACS25137 ï Effect of mesh resolution on near-wall 
heat transfer in FDS 

H. Fang*, D. Morrisset, D. Lange, A. Orabi 

4 ACS25148 ï EulerïLagrangian CFD framework 
for PAH chemistry and carbon particle tracking in 
methane pyrolysis 

X. Zhang*, Z. Sun, R. C. Chin and G. J. Nathan 

ACS25132 ï Orientation Effects on the Burning 
Behaviour of Wood 

J.Madden*, D.Morrisset, F.Wiesner, W.Wu, 
R.Hilditch, and D. Lange 

5 ACS25150 ï Co-Pyrolysis with CaO: A Pathway 
for Bromine Recovery from E-Waste Plastics 

A. A. Aguilar-Morones, A. Bekele, C. O. Ojo, V. 
Murthy, S. Thennadil, S. Levchik, J. Tenney, P. 
Ramkissoon, P. Kappen, and B. Z. Dlugogorski* 
 

ACS25147 ï Thermal Stability and Fire 
Performance of Flax-Reinforced Epoxy Composites 
with Different Fire Retardants 

N. Khaliavin *, E. Morozov, and M. Ghodrat* 

3:10 ï 3:40 Afternoon tea (30 min) 

3:40 - 4:25 Plenary Review  - Gule Li (Chair Nathan) 
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4:30 - 5:00  CI section board meeting (Chair Masri) ï 50-T103 

5:00 - 5:30 CI section members meeting (Chair Masri) ï 50-T103 

6:50 pm - 11:00 
pm 

Dinner* - The Westin Brisbane, 111 Mary St, Brisbane City QLD 4000  

Note* 7:00pm ï 7:15pm: Guest arrival, welcome and pre -dinner drinks  
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Date/time  
(AEST, UTC+10) 

Hawken Engineering Building (#50) - 
T203 (including Plenaries*)  

Hawken Engineering Building (#50) - 
T103  

Day 3, Thursday 4th December  

9:00 am ï 10:40 S9 Decarbonisation and Clean Fuels  
(Chairs Ren & Veeraragavan) 

S10 Other Topics (Chairs Abdel-jawad & 
Jafari) 

1 ACS25146 ï Particle dynamics relevant to 
decarbonisation of drop-tube flash reactors 

X. Bi*, E.W. Lewis, T.C.W. Lau, Z. Sun and G.J. 
Nathan 

ACS25160S ï Hybrid Modelling of Dust Explosions: 
Implementation and Validation within exploCFD 

J.R. Roos, M.M. Abdel-jawad* 

2 ACS25114 ï Modelling of Conventional Diesel 
Haul Truck Performance for Mining Application 

J. Li*, G. Zhai, C. Wang, G. H. Yeoh, S. Kook and 
Q. N. Chan 

ACS25145 ï Thermodynamic analysis of a 
multistage compressed air energy storage with a 
single temperature thermal energy storage 

A. Samant* and A. Y. Klimenko 

3 ACS25153 ï Bilgerôs Oxyfuel Process and Power-
as-Gas Export from Australia 

M. M. Kratzer* and A. Y. Klimenko 

ACS25159S ï GPU and AI Applications to CFD 
Modelling of Combustion 

L. Clark and D.F. Fletcher* 
 

4 ACS25149 ï Queenslandôs Hydrogen Combustion 
and Export Network 

W. Yuan*, M. Kratzer, Y. Lu and A.Y. Klimenko 

ACS25120 ï The effects of nozzle protrusions and 
voids on shockwave formation and hydrogen jets 

D.J. Willmore*, J.A.C. Kildare, T.C.W. Lau, P.R. 
Medwell and M.J. Evans 

5 ACS25141 ï The Role of Combustion in the 
Various Stages of an Electricity Gridôs Transition 

D.S. Green* and A.Y. Klimenko 

ACS25116 ï Time-Resolved Spectral 
Characterisation of Ejecta During Thermal Runaway 
in Lithium-Ion Cells 

D. Karim*, V. Gupta, M.J. Dunn , A.R.W. 
MacFarlane, A.R. Masri 

10:40 ï 11:00 Joint meeting of ACS organisers, session chairs, CI board members 

11:00 am ï 12:00 
pm  

Award, closing , and farewell (with participation of CMES members)  

 

 

 

 

Conference Venues 

The conference will be held at Hawken Engineering Building (Bld. #50), The University of Queensland, St 

Lucia, Brisbane, Queensland. Reception desk is set in the lobby of the building. 

Information for delegates travelling to UQ  

 The conference will be held at the St Lucia campus of University of Queensland. 

 Parking fee on the UQ campus is around 

$5/day.  

 The Welcome Reception will be held in 

the evening of 1 December at St Leoôs 

College within The University of 

Queensland. 

 The sessions will be held in Bld. #50. The 

plenary sessions will be held in 50-T203, 

while the second sessions will be held in 

50-T103. Breaks will be held in the lobby 

outside T203. 
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Bilger Lecture  

Smouldering Revisited  
J. L. Torero1,* 

1 University College London, United Kingdom 

 

 

Abstract  
Smouldering combustion is a unique process by which characteristic transport and chemical time scales converge to deliver robust 

low temperature combustion. Classic studies on smouldering have focused on its negative impact, i.e. fires, cigarettes, pollution, etc. 

Nevertheless, studies focused on preventing and suppressing smouldering combustion have led the way to a deeper understanding of 

combustion within porous media and the realization that smouldering could be used in unique and positive ways. Experimentation and 

modelling of the complex thermal exchanges that deliver a robust smouldering reaction have allowed to establish the conditions that 

lead to its steady propagation and the unique bifurcations leading to extinction and transition to flaming. Unique applications such as 

contaminated soil remediation, waste management, PFAS destruction will be discussed alongside new issues such as the impact of 

smouldering on the fire performance of novel timber structures and the control of underground coal fires by means of systematic energy 

extraction. 

 
Keywords: Smouldering, fire, remediation, waste management, underground coal combustion. 
 

 

1. Introduction  

Smouldering is heterogeneous exothermic oxidation 

where oxygen directly attacks the surface of a solid or 

liquid fuel [1]. Smouldering has been mostly treated as a 

fire safety issue [2], nevertheless, successful applications 

of smouldering in underground coal gasification [3] and 

as an effective solution for fuel conversion, soil 

remediation, waste management and sanitation [4].  

Most smouldering applications pertain low calorific or 

wet materials, hence the propagation of a combustion 

reaction relies on highly efficient energy transport. A 

common way to achieve the necessary energy efficiency 

is by having the smouldering reaction propagate through 

a porous medium. The porous medium can be inert or the 

combustible material itself. The former is mostly 

associated to porous burners [5] and soil remediation [6] 

and the latter mostly with foams [7] or organic materials 

such as coal or peat [8]. 

The key to effectively use smouldering in wet or low 

energy systems lies in maintaining the self-sustained 

condition, which requires a positive energy balance [9], 

i.e., the energy generated from the oxidation of 

combustible material must be sufficient to propagate the 

reaction and evaporate any water present in the proximity 

of the reaction zone.  

Radiation from the combustion reaction is retained by 

the optically-thick porous medium at the same time as 

convective heat transfer from the hot gases accelerates 

heat transfer back to the combustible material.  By 

controlling the diffusion of oxygen to the combustible 

surface energy release can be matched with energy 

transfer resulting in an exceptionally efficient combustion 

process than can remain self-sustained for temperatures 

below 350oC [1,10] or lead to super-adiabatic 

temperatures [11].  The extraordinary combustion 

efficiency results in smouldering becoming very 
persistent and as a result a potential hazard. This has 

become evident with the new developments of complex 

timber buildings, where the relentless nature of 

smouldering represents a potential impediment to fire safe 

timber buildings [12, 13].  

This paper addresses the heat exchange conditions 

within a porous medium with the objective of establishing 

the key parameters that govern the self-sustain 

propagation of a smouldering combustion reaction front. 

The different heat transfer processes will be explored, 

including Local Thermal Equilibrium (LTE), Local 

thermal Non-Equilibrium (LTNE) as well as global 

thermal balance for the entire region of heat exchange. 

The objective being to establish the conditions that 

support self-sustained smouldering. For clarity the case of 

a combustible liquid coexisting with sand in an inert 

porous matrix will be used. This is the case corresponding 

to soil remediation. 

2. Pore Level Heat Exchange  

Characterizing the energy balance with enough 

precision to predict quenching of the smouldering 

reactions requires to precisely understand how heat 

transfers between all three phases, gas, water and sand.  

Therefore, the first issue to be addressed is the heat 

exchange between all phases. The three phases can exhibit 

local thermal non-equilibrium (LTNE) under certain 

conditions, i.e., water, sand and gas exhibit different 

temperatures. As shown in Fig. 1, during the rapid 

convective evaporation process, the water surface might 

be cooled considerably because of the strong endothermic 

evaporation, causing the remaining water to be cooler than 

the sand; on the other hand, in scenarios where significant 

heat is generated, the process can quickly warm the 

waterôs surface through exothermic condensation of 
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vapor, making the water warmer than the surrounding 

sand.  

A common approach to address LTNE between three 

phases is to develop three independent energy equations 

one for the water, one for the gas and one for the solid 

phase [9, 14]. However, this requires determining the 

interfacial area and interfacial heat transfer coefficient 

between fluids in porous media, which are typically 

unknown. The fluids often evolve over time, making 

direct measurements or modelling of the interfaces very 

difficult. Additionally, the heterogeneity of natural porous 

media further complicates the definition and 

quantification of the interfacial area. Consequently, 

determining the interfacial area and heat transfer 

coefficients between fluids is challenging, which in turn 

limits the application of three-energy equations for 

solving LTNE during water phase change. Similar issues 

will be faced when addressing mass transfer, which is 

critical to the understanding of smouldering. 

 

 

 
 

Figure 1. Conceptual model to elucidate the local thermal 

non-equilibrium between water and sand during the water 

phase change (extracted from [10]). 

 

As a simplification, two-energy equations are widely 

used under the assumption that liquid and solid phases 

have the same temperature. At low temperatures 

(<200oC), the liquid phase change is not aggressive, and 

the approximation of LTE between liquid and sand is 

generally accepted. Nevertheless, under high moisture 

content (MC) and high-temperature conditions such as 

those of smouldering, water and solid may present distinct 

temperatures, i.e., LTNE. [15]. Furthermore, gradients of 

temperature within the liquid films and the sand particles 

complicate the problem further. A way to resolve heat 

exchanges using two energy equations and account for 

these gradients while not resolving the temperature 

distributions within the liquid film or particle is by 

adjusting the specific heat as described in equation (1). 

The energy conservation equations are well known [1] 

and will not be presented here.  

The constant ɔ is a dimensionless thermal scaling 

coefficient introduced to account for temperature 

gradients and local thermal non-equilibrium (LTNE) 

effects among liquid and solid phases to retain a two-

energy equation framework (condensed and gas phases). 

Specifically, it adjusts the effective volumetric heat 

capacity of the porous medium to account for temperature 

differences between phases during rapid phase change 

events. The equation for the effective properties was 

written as: 

 

”ὅ ‎ ρ ‰”ὅ ‰Ὓ ”ὅ         

(1) 

 

Where ‰ is the porosity, ὅ the specific heat, ” the density 

and Ὓ the saturation. The sub-indices w and s correspond 

to water and sand respectively and the sub-index eff  to an 

effective value. ‎ is a calibration constant introduced to 

account for the complex thermal gradients in each phase. 

It was found [15] that setting ‎ = 1 in Eq. 1 (traditional 

linear averaging method) resulted in an underestimation 

of the rate of heat propagation and the peak temperatures. 

A  sensitivity analysis with ɾ ranging from 1.8 to 0.6 

showed when ‎ ρ, the decrease in ”ὅ  resulted in 

a faster rate of heat propagation, which was due to an 

increase in the effective thermal diffusivity, i.e., ‌

Ὧ Ⱦ”ὅ  (Ὧ  is an effective thermal conductivity 

of the porous medium and ‌  an effective thermal 

diffusivity). These observations align with many studies 

indicating that water presence can enhance the effective 

thermal diffusivity of a porous material by limiting the 

heating of the solid to its surface [15]. 

Wang et al. [16] recognized that the main contributor 

to ‎ was the water saturation and extended ‎ to be a 

function of the initial water saturation, Ὓȟ (Eq. 2). This 

expression has been successfully applied to simulate wet 

smouldering processes under a wide range of Ὓȟ.  

 

‎ πȢυφ Ὓȟ  
Ȣ 3ȟ υϷ                              (4) 

 

The introduction of ‎ as a function of Ὓȟ provided a 

further means to elucidate the simulation of heat transfer 

processes within the wet smouldering systems.  

The introduction of ‎ allows to establish that heat 

transfer away from the smoldering reaction can be 

modulated not only by the properties of the porous 

medium, but also by the saturation and the flow in a 

manner that enables multiple degrees of freedom to 

control how much energy is concentrated around the 

smouldering reaction zone. A more detailed theoretical 

analysis of the coefficient ‎ [10] showed that equilibrium 

between the phases is reached when ‎ ρ, condensation 

occurs when ‎ ρ and evaporation when ‎ ρ. 
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2. Reaction Zone and Global Heat 
Exchange  

The presence of a porous medium has a significant effect 

on the nature of the reaction zone allowing to predict 

extinction before it occurs. This is of great value because 

it allows to correct operating parameters to maintain the 

stability of the combustion reaction. To describe the role 

of the porous medium it is necessary to construct two 

control volumes (Fig.2). 

 

 
Figure 2. Schematic of a smouldering reactor showing the 

propagation velocity of the front (ὠ). Two control 

volumes are presented leading to two necessary energy 

balances. Ὁ is the energy flux, while the sub index oxid 

corresponds to exothermic oxidation, pyr to endothermic 

pyrolysis and loss to energy leaving the control volume in 

a direction other than that of the flow. The sub-indices in 

and out correspond to the energy carried in and out of the 

control volume by a flow of velocity, ό (extracted from 

[9]).  

The first control volume is in the immediate region of 

the reaction. Like any other combustion process, heat 

exchange outwards of the reaction zone can result in a 
decrease of the flame temperature leading to extinction. 

This is no different in smouldering and can be seen in the 

local control volume depicting the reaction zone. In the 

schematic of the reactor, the temperature along the axis of 

the reactor shows that trailing the reaction zone, all the 

combustible compounds have been consume leaving a 

clean porous medium that still stores significant amount 

of energy. Above the front the temperature decays rapidly 

(low effective thermal conductivity of the porous 

medium) into the sand contaminated with combustible 

compounds. The energy balance between ὼ and ὼ will 

ultimately determine the fate of the reaction. 

In parallel to the propagating front, energy is being 

transferred between the hot products of combustion and 

the porous medium which stores energy. Heat losses to 

the perimeter of the reactor follow a much longer time 

scale and therefore can be minimized.  

Adequate control of the operating conditions can lead 

to the gas flow to transfer almost all its energy before it 

exists the reactor, hence air enters at ambient temperature 

and products leave at ambient temperature resulting in 

Ὁ Ὁ . If Ὁ ᴼπ all the energy released by the 

combustion reaction will be stored within the porous 

medium and reverted to the reaction zone. In this case the 

flame temperature will continue to increase, and super-

adiabatic conditions can be attained. If the energy balance 

in the global control volume leads to a net energy loss 

greater than the heat generated by the combustion 

reaction, the flame temperature will start to decay and 

extinction is inevitable. Nevertheless, given the long 

characteristic time for heat transfer in the global control 

volume, this condition can be identified and corrected, 

preventing extinction of the reaction front. 

Figure 3 show a series of numerical simulations 

extracted from reference [9] where a robust smouldering 

front is seen in Figure 3(a). The global energy balance 

presented in Figure 3(b) shows positive allowing for 

accumulation of energy within the porous medium. Under 

these circumstances the reaction temperature can increase 

or if the flow velocity is sufficient the propagation 

velocity increase keeping the temperature constant. In 

contrast, Figure 3(c) shows an extinguishing front whose 

temperature is decaying and its progression decelerates. 

Nevertheless, the reaction does not extinguish until the 

front has spread through almost 40% of the reactor. The 

negative global energy balance presented in Figure 3(d), 

nevertheless, seals the fate of the reaction despite the fact 

that it will still take a long time for the reaction to 

extinguish.   

 
Figure 3. Propagation front temperature histories and 

energy balance. (a) and (b) show a robust smouldering 

front with a positive global energy balance. (c) and (d) 

show an extinguishing front with a negative global energy 

balance. Note that the reaction does not extinguish 

immediately despite the negative balance. 

4. Summary  

Smouldering combustion is a unique form of 

exothermic oxidation reaction where oxidizer attacks the 

surface of a condensed fuel. While the general principles 

are consistent with those of flaming combustion, heat 

exchange is very different. As a result, smouldering 

reactions are very persistent, very low temperature and 

show the potential to occur in a much more energetically 

efficient manner than flaming combustion. This opens the 

door to use smouldering as a mechanism of destruction for 

many wastes that exhibit low calorific power. 
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This paper has illustrated two of the complex heat 

transfer mechanisms that determine the fate of a 

smouldering reaction. The first is at the pore scale where 

heat exchange between the different phases can 

effectively accelerate heat transfer through the porous 

medium.   The second, are the coupled effects between the 

reaction zone (reaction front thickness) and the porous 

medium (reactor length scale) that delivers an effective 

mechanism to control the strength of the reaction and 

hence prevent unwanted extinction. 
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Keynote  Lecture   

Implications of transport properties for flame dynamics and NOx 

formation in hydrogen-fueled gas turbines 
Zhuyin Ren*,  Tianze Yu, Jianyi Jiang, Hua Zhou 

Institute for Aero Engine, Tsinghua University, Beijing, China  

 

Abstract  
Hydrogen as an alternative fuel in gas turbines holds a great potential for carbon-neutral power generation. The unique transport 

properties of hydrogen with low Lewis number lead to fuel re-stratification in turbulent lean premixed flamesðgenerally not observed 

in fossil fuelsðwhich exacerbates NOx emissions and flashback. In both laminar and turbulent hydrogen flames, differential diffusion 

and thermal diffusion generate super-adiabatic hot spots and markedly increases thermal NOx formation. In turbulent hydrogen 

premixed flames, an exponential temporal decay of the hot spots toward the nominal adiabatic flame is observed. Moreover, differential 

and thermal diffusion have pronounced impact on boundary-layer flashback dynamics and non-monotonical dependence of flashback 

limit on swirl level is observed for premixed hydrogen flames. To counter fuel-stratification driven by differential diffusion, a fuel 

stratification strategy at inlets is introduced and analysed, which mitigates super-adiabatic flame temperature and offer promising 

pathways to low-NOx, flashback-resisting hydrogen combustion in gas turbines. 

 

Keywords: Hydrogen gas turbine, Transport properties, Fuel stratification, Super-adiabatic flame temperature, Flashback 
 

 

1. Introduction  

The global push for net-zero emissions by 2050 [1] is 

accelerating the deployment of variable renewable energy 

sources such as wind and solar. The resulting 

intermittency necessitates balancing with power 

generation that is reliable, affordable, and sustainable [2-

5]. Hydrogen-fueled gas turbines are a promising option 

for delivering clean and dependable electricity, owing to 

their dispatchability and compatibility with emerging 

hydrogen infrastructure. 

Although hydrogen-fueled gas turbines eliminate 

carbon emissions, NOx formation and flashback remain 

significant challenges owing to the higher adiabatic flame 

temperature and laminar flame speed [6-10]. Lean 

premixed combustion is an established strategy for 

reducing NOx emissions. However, in hydrogen flames, 

flame stretch coupled with differential diffusion can 

produce super-adiabatic flame temperatures (SAFT) [11-

14], wherein local temperatures exceed the adiabatic 

limit, due to hydrogenôs high mass diffusivity (Le<1). 

SAFT excursions of more than 20% above the nominal 

adiabatic flame temperature have been reported [15]. Yu 

et al. [16] numerically investigated multi-slot turbulent 

premixed hydrogen flames, demonstrating that flame 

stretch and differential diffusion produce super-adiabatic 

flame temperatures (SAFT) above the adiabatic limit. A 

power-law scaling relating SAFT intensity to turbulent 

viscosity was established, informing NOx control and 

combustor design. Zhang et al. [17, 18] demonstrates that 

adding hydrogen to hydrocarbon fuels markedly 

influences the laminar flame speed. The differential 

diffusion coupled with wall-thermal effects lowers the 

predicted flashback speed by more than 30%. These 

unique combustion properties underscore the need to 

revisit the fundamental properties of hydrogen and to 

develop advanced combustion technologies that achieve 

ultralow emissions and prevent flashback. 

The remainder of this paper is organized as follows. 

Section 2 analyses hot-spot formation and its impacts on 

NOx. Section 3 quantifies the effects of differential 

diffusion and wall-thermal losses on flashback. Section 4 

evaluates fuel stratification as a strategy to offset these 

effects. Section 5 concludes and outlines implications for 

clean and safe hydrogen combustion. 

2. Hot -Spot Formation and NOx Pathways  

 
Fig. 1 The schematic diagrams of (a) opposed flame (positively 

stretched) and (b) tip of Bunsen flame (negatively stretched).  

 

In stretched flames, differential diffusion could have a 

significant effect on flame structure. Fig. 1 (a-b) depicts 

the schematic diagrams of two stretched flames: one with 

positive stretch and the other with negative stretch. In a 

steady laminar flame, there is an energy balance between 

heat loss and chemical energy gain in a control volume. 

The heat loss and chemical energy gain are characterized 

by thermal diffusivity Ὀ  and mass diffusivity Ὀ . 

The ratio between Ὀ  and Ὀ , defined as the Lewis 

number (Le). The effect of differential diffusion kicks in 

when Le  1. For a positively stretched Bunsen flame 

with Le < 1, more chemical energy enters the control 

volume and is converted into thermal energy by chemical 

reactions than the heat loss to ambient, increasing the 

flame temperature, vice versa. In contrast, for a negatively 

stretched flame, e.g., at the tip of the Bunsen flame, heat 

is diffused into the control volume while the chemical 
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energy is diffused out of the control volume. Therefore, 

more chemical energy goes out from the control volume 

and lowers the flame temperature if Le < 1.  

Law et.al. [19] constructed the relationship between 

flame temperature and stretching: 

Ὕ ρ
ρ

ὤὩ
ὡ ὤὩẗ‖ǿ

ρ

ὒὩ
ρ ȟ (1)  

where ὤὩ is the Zelôdovich number, ὒὩ is the Lewis 

number which can be calculated by [20, 21]. Fig. 2 shows 

the response of non-dimensional temperature to flame 

stretch rate under different pressure (pr). A super-linear 

growth trend with ‖ǿ increasing in the low elongation 

region ‖ǿ σ was observed and it dropped sharply when 

‖ǿ exceeded the critical value (‖ǿ σ). The relationship (4) 

can better describe the temperature change trend of ‖ǿ σ 
area.  

 
Fig. 2 Flame temperature response to stretch rate with equivalence 

ratio of 0.4. 

 

In turbulent free-propagating premixed flames, in 

post-flame region, the temperature of ñhot spotò is 

observed to decay towards the nominal adiabatic flame 

temperature: 
Ὕ Ὕ

Ὕ Ὕ
Ὡ ȟ (2)  

where Ὕ is the initial temperature of ñhot spotò, ὅ is 

a constant, † is the characteristic time of temperature 

decaying. Fig. 3 illustrates this exponential decay. The 

excellent agreement between the theoretical model and 

DNS results confirms that the proposed scaling law 

accurately predicts the spatiotemporal evolution of SAFT.  

 
Fig. 3 (a) Contour of temperature and (b) evolution of temperature 

with residence time in turbulent free-propagating flames. 

 

Local hot-spot formation significantly affects thermal 

NOx (R1ïR3). For T  ֡ 1800 K, the thermal route 

dominates and exhibits strong temperature sensitivity.  
ὔ ὕᴼὔὕ ὔ Ὑρ 

ὕ ὔᴼὔὕ ὕ Ὑς 

ὔ ὕὌO ὔὕ Ὄ Ὑσ 

To quantify the effect of SAFT on NOx emissions. An 

experience formula describing the reaction rate of thermal 

NO using equilibrium model for [O] is expressed as [22] 
Ὠὔὕ

Ὠὸ
ρȢτσρπὝ Ὡ ὕ ὔ (3)  

Assuming a super-adiabatic flame temperature with 

expression Ὕ Ὕ ρ ‭, where Ὕ  is the adiabatic 

flame temperature and ‭ is a small quantity, the ratio of 

the thermal NO reaction rate at SAFT to that at adiabatic 

flame temperature is: 
ὨὔὕȾὨὸ

ὨὔὕȾὨὸ
ρ ‭ Ὡ (4)  

where the exponential factor ὃ φωτφπȾὝ , which is 

approximately 35 for lean hydrogen combustion. 

Retaining only the first-order term, this simplifies to 
ὨὔὕȾὨὸ

ὨὔὕȾὨὸ
Ὡ (5)  

‭ is estimated to be 0.12 with equivalence ratio 0.55, 

results in an amplification factor of approximately 67, 

significantly exacerbating NOx emissions. These findings 

suggest that fully premixed combustion does not achieve 

the optimal low NOx emission for hydrogen. Instead, new 

combustion technology with fuel stratification could 

mitigate SAFT and fuel re-stratification, thereby reducing 

NOx emissions. 

3. Synergistic Fuel Stratification and 
Differential Diffusion  

To demonstrate the effectiveness of designed fuel 

stratification, the multi-slot laminar flame of Fig. 4(a) is 

retained for validation. Building on the enrichment of 

hydrogen and temperature at the flame root caused by 

differential diffusion, fuel stratification strategies as 

shown in Fig. 4 (b) were designed to mitigate SAFT.  

 
Fig. 4 The schematic diagrams of (a) multi-slot flame and (b) fuel 

stratification with different ה-curves of inlet. 

 

This strategy involves distributing less fuel near the 

walls and more fuel at the center upstream of the 

combustion zone. Some specific ‰-curves of inlet are 

depicted in Fig. 4 (b). For the specific case considered, 

Fig. 5 demonstrates that the bell-shaped ‰-curve inlet 

reduces SAFT by 100 K and lowers local equivalence 

ratio by 0.3 at the flame root. This approach alleviates 

local SAFT, achieves a more uniform temperature 

distribution at the flame front and post-flame regions, and 

reduces NO emissions at the outlet by 48% compared to 

fully premixed combustion.  

Fig. 6 further illustrates the phenomena of SAFT and 

fuel re-stratification for uniform, linear, parabolic, and 

Gaussian ʟ -curve inlets. The uniform inlet exhibits 

significant SAFT and fuel re-stratification. The parabolic, 

dashed: model

symbol: simulation

(ὥ) (ὦ)
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linear, and Gaussian ‰-curve inlets achieve peak 

temperatures of 1884 K, 1872 K, and 1855 K, 

respectively, and peak local equivalence ratios of 0.71, 

0.66, and 0.65. Furthermore, the Gaussian ‰-curve inlet 

results in a greater concentration of scatter points in the 

low-temperature zone. These findings demonstrate that 

fuel-stratification in advanceðtransferring more 

hydrogen away from stretched flamesðeffectively 

reduces peak temperatures and suppresses NOx 

formation. In addition, a reduction in the near-wall 

equivalence ratio and temperature would also diminish 

the laminar burning velocity near the wall and mitigate 

boundary-layer flashback risk. 

 
Fig. 5 Contours and mean values within the main product zone 

(e.g., ὼ/Ὀ ŗ [0.5,1.5]) along the y-axis for (a) temperature, (b) local 

equivalence ratio, and (c) NO mass fraction. 

 
Fig. 6 Scatter plot of temperature and local equivalence ratio using 

uniform, linear, parabolic and Gaussian ‰-curve inlets with a global 

equivalence ratio of 0.55. 

4. Boundary -Layer  Flashback Dynamics 
with D ifferential  Diffusion  

With the predominant micro-mixing configuration, 

boundary flashback dynamics of hydrogen/hydrogen-rich 

flames has recently drawn significant attentions. Recent 

studies have explored the complex interactions between 

differential and thermal diffusion, coupled with wall-

thermal effects, and their impact on hydrogen boundary-

layer flashback in H2/CH4 swirling flames, particularly in 

bluff-body swirl burner configuration [23-25]. 

 
Fig. 7 Instantaneous iso-surfaces of flame fronts at t =90 ms during 

flashback from the case of Twall =500 K. 

 
Fig. 8 Instantaneous isosurfaces of flame fronts at t =90 ms during 

flashback from the case of the adiabatic wall. 

 

As seen in Fig. 7 and Fig. 8, during flashback with Twall 

=500 K, the flame front is characterized by the formation 

of flame tongues, which propagate upstream along the 

direction of the inflow. In contrast, under adiabatic 

conditions, flashback is driven by the emergence of small-

scale flame bulges, which are convex to the incoming 

flow. While the inclusion of differential and thermal 

diffusion effects does not significantly alter the 

fundamental flashback mode, these effects play a crucial 

role in influencing the prediction of flashback speed. 

Adiabatic walls yield higher flashback speeds than 

isothermal walls, primarily due to higher laminar burning 

velocity and a reduced quenching distance. Neglecting the 

Soret effect or differential diffusion under both wall 

conditions underestimates the flashback speed by about 

35ï75%, leading to inaccurate predictions. 
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Fig. 9 Flashback visualization in swirling hydrogen flames.  

 

When both the Soret effect and differential diffusion 

are taken into account, the presence of a radial pressure 

gradient also causes the transition of the flashback mode 

as the swirl number increases, and the flashback speed 

shows a non-monotonic dependence as seen in Fig. 9. 

5. Conclusions  

Hydrogenôs unique transport properties induce fuel 

stratification in lean, stretched flames; the resulting local 

equivalence-ratio overshoot produces super-adiabatic hot 

spots, elevates thermal NO , and exacerbates flashback 

propensity. In free propagating turbulent hydrogen 

flames, SAFT exhibits an exponential temporal decay 

toward the adiabatic flame temperature. 

The predicted boundary-layer flashback speeds are 

highly sensitive to differential diffusion and thermal 

diffusion. In addition, the radial pressure gradient in 

swirling flow causes the transition of flashback mode as 

the swirl number increases, and the flashback speed 

shows a non-monotonic dependence. 

Fuel re-stratification, achieved by shaping the inlet 

equivalence-ratio profile, offsets fuel stratification caused 

by differential diffusion, reducing super-adiabatic 

temperature and thermal NOx, depressing near-wall 

equivalence ratio and thus suppressing the risk of 

boundary-layer flashback. 
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Abstract  
Laser and Optical Diagnostic techniques have advanced considerably over the last half a century. There are now established methods 
that can provide highly detailed measurements of quantities ranging from droplet/particle size to dynamic behaviour of aerosol clouds 
(whether reacting or non-reacting). This paper and presentation will outline three key challenges that persist: a) dealing with multiphase 
flows involving closely packed particles or droplet/particle mixtures b) providing three-dimensional measurements of aerosol or spray 
clouds, cheaply and easily and c) how to deliver more scalable diagnostic technology that is likely to be more widely adopted by 
industry. In the context of the above three issues, the paper will show some recent results using multi-phase optical coherence 
tomography and LED based extinction tomography, two recently developed methods for three-dimensional assessment of multi-phase 
flows and finish with a few insights from the commercialization of a simple optical diagnostic instrument for dynamic aerosol 
monitoring. 
 
Keywords: Particle-Laden Flows, Two-Phase Flows, Laser Diagnostics 
 

 

1. Introduction  

Droplet and particle laden flows are ubiquitous in 

combustion applications. In the majority of cases, these 

multi-phase flows are turbulent, leading to a broad range 

of spatial and temporal scales. The presence of a droplet 

or a particle within such a turbulent flow necessitates 

methods that are capable of resolving both the scale of the 

droplet, and the scale of the turbulent structures in the 

flow. This is typically challenging and costly given that 

droplet sizes approach the Kolmogorov scale in many 

flows [1,2], with energetic mixing behaviour occurring at 

much larger scales. Such a situation requires either a) 

arrays of cameras in order to enable large fields of view 

as well as high spatial and temporal resolution or b) 

statistical approaches providing de-correlated information 

across scales. Both of these approaches are possible, and 

technology has now advanced considerably to the point 

that simultaneous measurement of droplet sizes, 

velocities, shapes, and scalar properties of the flow (e.g. 

temperature, species concentration) can be achieved at 

variable degrees of accuracy [3], however a number of 

challenges still persist. 

 

Beyond the known challenges of measuring scalar 

properties in reacting flows where there are multiple 

species and interference from the liquid phase [3] 

diagnostic methods also suffer from 1) being very 

expensive, particularly where three-dimensionality is 

required, which would typically requiring multiple high 

powered light sources and sensors 2) there is always a 

compromise between resolution and field of view and 3) 

it is very challenging to resolve quantitative information 

where there are more than two phases. 

The focus of this contribution is to present recent progress 

made in dealing with the issue of three-dimensionality, 

multiple phases, and cost. The contribution will provide 

some recent progress made in adapting optical coherence 

tomography (OCT) for measurement of particle and 

droplet populations, a method of undertaking tomography 

for aerosol surface area and velocity measurement using 

LED light, and recent progress made in simplifying 

diagnostic methods in order to make them industrially 

scalable 

2. Optical Coherence Tomography for 
Particle and Droplet Laden Flows  

Optical Coherence Tomography is a well-established 

method for characterization of biomedical structures and 

tissues, however it is only very recently that this method 

has been adapted for use in particle-laden flows. For a 

thorough review of optical coherence tomography as a 

general imaging modality the reader is referred elsewhere 

[4], and here the focus is on spectral-domain OCT, 

adapted for imaging through multi-phase media [5]. 

 

2.1 Spectral Domain OCT   

Spectral Domain OCT (SD-OCT) involves use of a 

broadband super luminescent diode that is split in to two 

components. One part of the beam is directed towards the 

probe volume or sample of interest and the other part of 

the beam is directed towards a reference mirror. 

Reflections of the broadband beam from the sample and 

reference mirror are allowed to interfere and the resulting 

interference fringe pattern is detected using a 

spectrometer and camera. The OCT fringe intensity can 

be expressed as follows: 
 

 

 (1) 

 

through equation 1 where S(k) is the amplitude of the light 

source spectrum as a function of wavenumber (k), RR and 

RP are the reflectivity coefficients of the reference mirror 

and pth sample layer respectively. Longer wavelengths 
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from the broadband light source penetrate deeper into the 

probe volume (or sample), hence enabling a 

reconstruction of a sample in-depth topography as a 

function of wavelength.  

 

The ñtopographyò can be a morphology of a structure, or 

it can be a three dimensional reconstruction of a group of 

particles. Figure 2 shows a sample static result that the 

method is able to provide, enabling three-dimensional 

topography of particle or droplet groups. Particle clusters 

can be measured into the depth of a structure, enabling 

measurement of voids, agglomeration as well as various 

measures of porosity within dense two-phase or three-

phase mixtures. 

 
Though the method is capable of providing very striking 

images and high contrast resolution between phases, the 

speed at which it is able to reconstruct a three-dimensional 

map is limited by the Galvo scanning speed in a 

conventional point-based OCT system. This however can 

be ameliorated by development of a line scan OCT system 

which would involve two dimensional sweeping of a 

beam, as opposed to three-dimensional sweeping of a 

point source. 

 
Fig. 1: Spectral Domain Optical Coherence Tomography System 

showing superluminescent diode (SLD), fibre coupler (FC), CL 

(collimator), GS (2D Galvo Scanner), PC (polarization controller), RM 
(reference mirror), and S (spectrometer). 

 

OCT, though originally developed for its compromise 

between spatial resolution and depth penetration (i.e. it is 

an imaging modality that lies between the capabilities of 

ultrasound imaging and confocal microscopy), has only 

recently been used for time-resolved imaging, with 

substantial data now reported elsewhere by the authorôs 

group [6]. 

3. LED based Extinction Tomography  

Whilst OCT is focused on phase delineation, and detailed 

topographical maps of a mixture, extinction tomography 

is a method that has been used for characterization of 

highly dynamic, and more dilute fuel sprays but also for 

gaseous flows in certain contexts. Recent work by our 

group has focused on developing an extinction 

tomography system using LEDs as a light source [7]. The 

justification for this is two-fold a) it generally makes the 

technology more accessible to a wider market and b) it is 

cheaper to build and more scalable. Two recent 

publications [7-8] demonstrate the function of this 

technology which uses an in-house óexpectation 

maximizationô deconvolution algorithm for 3D spatial 

resolution of local spray or aerosol surface area (in the 

Mie scattering regime), whilst also deploying 

velocimetric algorithms for quantifying the speed of the 

aerosol.  

 

 
Fig. 2 Reconstruction of Packed Powder Bed using OCT 
 

Figure 3 shows a simple schematic of the system used to 

obtain the images with the bottom demonstrating an 

example of the virtual grid map used to deconvolute the 

results. The reader should take note that significant beam 

shaping operations are required to convert the LED light 

source into a uniform sheet and that there are 

particularities in shaping the LED light source given its 

non-Gaussian nature [7]. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3 Set up of dual LED extinction tomography (top) and virtual 

deconvolution grid (bottom) where K is an extinction coefficient, and T 

is the measured transmittance 

 

Recent developments of this method highlight the re-

introduction of a previously dated method that has found 

a purpose for itself again, particle streak velocimetry 

(PSV). PSV has enabled this to be one of the only systems 

that is capable of assessing local spray surface area and 

velocity simultaneously, in three dimensions. PSV is a 
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method used in the past [8] prior to the advent of high 

speed cameras, given it can be used to infer the velocity 

of a particle cluster through over-exposing a camera.  

 

The method has been found to be useful in the extinction 

tomography setting as the streaks themselves still abide 

by a Mie scattering regime, and do not require additional 

sensors to enable velocity measurement [8]. Figure 4 

illustrates the approach used whereby a perfectly 

spherical particle is allowed to be ñsmearedò across an 

image, leading to the streak shown on the right, whose 

intensity profile can still be related to the original intensity 

profile of the particle (on the left), and hence allowing its 

original surface area to be obtained whilst also obtaining 

a velocity (through an appropriately defined correction 

factor), through the streak length [8].  

 

The detailed algorithm enabling this is presented in [8] 

and is derived from first principles, not empirically. Fig. 

5 shows an actual image of such a streaking situation, with 

velocity output validated against PIV measurements. 

 
Fig. 4 Perfectly spherical intensity profile (left) and the same particle 
ñsmearedò as a streak across the image (right) 

 
Fig. 5 Sample image of particle streaks obtained during aerosolization 

of a powder 
 

Figure 6 demonstrates a typical output from the 

instrument which is a raw extinction coefficient, which 

can be related to surface area 

 

  (2) 

                       

through equation 2 where K is the extinction coefficient, 

sɚ is the scattering cross section (and equal to half the 

particle surface area) and Ns(D)dD is the number of 

particles per unit volume in the diameter range D to 

D+dD. K itself is measured through the raw transmittance 

obtained from the images, where T=(I-Ib)/(I0-Ib) where I 

is the measured intensity and Ib and I0 are background and 

reference images respectively (the reference image being 

with the LED on, but without any flow). T is related to K 

through the Beer-Lamber-Bouguer Law.  

 

The extinction coefficient, once deconvoluted can enable 

a three-dimensional surface area distribution, and this can 

be done on a time resolved basis. Integration of this 

surface area, produces an output similar to a standard laser 

diffraction instrument. 

4. Simplified Dual Beam Extinction  

When considering deployment of optical diagnostic 

methods for particle laden flows that can be taken up by 

industry, the key consideration becomes cost. The author 

will take this opportunity to illustrate a very simple 

method that has been inspired by the needs of the 

pharmaceutical aerosol testing industry but also other 

aerosol industries that want a cheap, black box, and 

ñaverageò measure of plume velocity, and potentially 

some other ñindicatorò of plume quality. 

 
Fig. 6 Sample plot of spatially distributed extinction 

coefficient (K) at a fixed downstream position from a 

particle dispersion device 

 

Beam extinction methods with well calibrated post 

processing software are a good solution for this. Such a 

concept relies on transmittance, but from two parallel 

beams, producing raw results as shown below in Fig. 7. 

Post processing of this data can follow established 

algorithms to cross correlate signals, however requires 

some degree of calibration. Such a technology has 

recently been spun out of the University of Sydney. 

 

The approach, though line of sight, is able to produce 

time-resolved data of bulk average particle velocity and 

provide insights into aerosol structure. The time resolved 

nature also enables delineation between the plume front, 

and other aspects of the aerosol by conducting time-

dependent cross correlation. 

 

 
Fig. 7 Example transmittance measurements from dual beam extinction 

of an aerosol 
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5. Conclusions and Future Outlook  

This paper provided a brief summary of some recent 

developments in particle and droplet diagnostic methods. 

The focus has been on developing accessible three-

dimensional measurements of spray or aerosol plume 

behaviour as well as methods that can provide in-depth 

resolution of complex multi-phase mixtures. Optical 

coherence tomography and LED extinction tomography 

were the main focus of the paper as they are 

complementary approaches enabling both measurement 

of dynamic droplet and particle behaviour, particle 

surface area (and hence size), as well as complex particle 

population morphology and velocity.  

 

Diagnostics capabilities in particle and droplet laden 

flows have matured where we now have an abundance of 

established and emerging techniques capable of 

generating massive amounts of data. The challenges 

moving into the future are a) how we are going to make 

use of this data in a way that will continue to demonstrate 

the value of these complex experiments, and b) how can 

we become better listeners of the requirements of 

industry. 
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Abstract  
This review highlights the complex and evolving policy settings governing the role of waste derived fuels across Australiaôs heavy 

industries and waste sector. While it is increasingly recognised as innovative pathway for residual waste aligning well with national 

priorities waste hierarchy and a circular economy, their broader adoption can remain constrained by stronger commitments to prioritise 

waste for recycle over energy recovery. Clear jurisdictional differences were identified across the five major states, with NSW exhibiting 

the most stringent regulatory environment and therefore relatively low viability. Despite this, landfill levies is a powerful economic 

policy tool that can significantly enhance the competitiveness of waste derived fuels relative to natural gas, green electricity and 

hydrogen.  Technical challenges associated with RDF ash content, high chlorine content, and inconsistent heat value can be mitigated 

by RDF gasification, particularly in white cement plants, iron and steel and alumina sectors, where direct combustion of RDF is not 

feasible. Technology innovations and development in gasification of refuse-derived fuel, ash recovery and syngas cleaning and 

upgrading are critical to expand the role of waste-derived fuel in cement, alumina and iron/steel sectors beyond its current applications. 
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1. Introduction  

The global transition toward decarbonisation and, 

ultimately net-zero emissions is reshaping industries, 

particularly the heavy industrial sectors of iron and steel, 

aluminium and cement. Together, these three sectors 

account for approximately 9% of Australiaôs domestic 

emissions; while emissions generated during downstream 

processing of these resources overseas (corresponding to 

Australiaôs indirect scope 3 emissions) are three times 

larger than Australiaôs total (direct) emissions. Therefore, 

decarbonising these hard-to-abate sectors is critical. 

While hydrogen and green electricity present long-term 

pathways toward net-zero emissions, low-cost and low-

carbon waste derived fuels offer significant potentials to 

accelerate progress and can be a critical solution for 

scenarios where electrification or hydrogen adoption is 

technically challenging or not economically feasible.  

Countries like Australia, despite notable progress 

recycling, continue to rely on landfilling and waste 

exports. These practices are environmentally 

unsustainable, and have faced international pressures both 

internationally ï following Chinaôs Sword Policy since 

2018 ï and domestically, due to the Australian 

Governmentôs ban on export of certain waste streams [1]. 

Therefore, there is a strong need for novel waste-to-

energy practices and the development of robust domestic 

waste markets, not only to improve waste management 

sector, but more importantly, to advance low carbon 

development, affordable green transformation, and 

circularity to fully extract the value of waste resources. 

According to the National Waste Report 2024 that, 

Australia generated an estimated 75.6 million tonnes (Mt) 

of core waste, of which 47 Mt were recycled, 2.3 Mt were 

utilised for energy recovery (energy from waste - EfW), 

while 26 Mt were still sent to landfills. Refuse derived fuel 

(RDF) is an umbrella form for waste-derived fuel, 

produced through mechanical processing of one or mixed 

waste streams from construction and demolition (C&D), 

commercial and commercial and industrial (C&I) and 

municipal waste (MSW) to achieve the desired calorific 

value. A typical RDF composition includes plastics, paper 

and cupboard, wood, organic compounds and 

inflammable materials. RDF production categorised as 

energy recovery within the waste hierarchy that ranks 

below recycling but above disposal. Although Australia 

implements the waste hierarchy as key a national principle 

[2], policy approaches and regulatory frameworks vary 

significantly across jurisdictions. Therefore, it is 

important to understand how these policies and 

regulations could affect RDF production, energy yields 

and industrial applications, which this review aims to do 

that.  

RDF is primarily utilised through combustion or co-

combustion processes while thermal power plants of 

various scales (electric/heating) are also common end 

users. However, Australia currently has limited large-

scale thermal power plants, with none are yet in full 

operation. The first two EfW projects are currently being 

developed in WA, together received $ 41 million of 

financial support from Australian Renewable Energy 

Agency (ARENA). In contrast, the cement industry has 



Proceedings of the Australian Combustion Symposium  
December 1 -4, 2025, Brisbane, Queensland  

 

25 

made more significant progress in RDF utilisation. Co-

processing RDF in rotary kilns at 1400-1450 oC allows for 

complete waste destruction without compromising clinker 

quality, while RDF ash is readily incorporated into the 

clinker product. This process can reduce about 1.61 kg of 

CO2 per kg of utilised RDF compared with coal, and also 

result in  lower emissions in NOx and SOx [3]. 

Nonetheless, challenges remain and arise mostly from 

relatively low calorific value (CV) of RDF and the 

potential formation of atmospheric pollutants.  Therefore, 

this review also seeks to identify key opportunities and 

barriers to increase uptake of waste derived fuel in cement 

industry, and to explore how this progress can be extended 

to iron and steel and alumina sectors to further support 

Australiaôs transition toward low-carbon, circular 

industrial economy. 

2. Opportunities and Barriers  

2.1 Potential energy from Waste  

Australia reports its waste management outcome 

annually through the National Waste Report, published by 

the Department of Climate Change, Energy, the 

Environment and Water (DCCEEW). Drawing on data 

from the latest 2025 report [2], Figure 1 shows the 

quantities of waste generated, reused and recycled, and 

disposed of across each jurisdiction. At the national level, 

Australia supports waste hierarchy as the guiding 

principle, which prioritise waste avoidance, reuse, 

recycle, energy recovery over disposal. In this context, the 

quantity of waste suitable for RDF production can be 

broadly estimated from the volume of waste currently sent 

to landfills. Based on 2025 data, NSW has approximately 

7.4 Mt of waste available for RDF production, , 8 Mt in 

Queensland, 5.5 Mt in Victoria, 2.7 Mt in Western 

Australia (WA), and slightly below 1 Mt in South 

Australia (SA). Together, these figures represent a total 

potential energy recovery of approximately 369,150,000 

GJ per year, assuming an average CV of 15 MJ/kg for 

RDF, as suggested by a local supplier. 

 

2.2 Policy context  

From a policy perspective, it was found that SA has 

the greatest potential to expand the use of RDF in heavy 

industries whereas NSW appears the least in this regard, 

as illustrated in Figure 2. 

SA currently stands as the only Australian with a 

formal standard supporting the production and use of 

RDF. It provides a key regulatory incentive that when 

waste materials are processed in accordance with the 

standard, they are no longer classified as ówasteô but as 

ófuelô [4].  As a result, such material is exempt from the 

waste regulatory framework. Furthermore, SAôs positions 

statement specifies that thermal EfW activities that 

receive waste compliant with the EPAôs Resource 

Recovery Criteria, and hold EPA Resource Recovery 

Approval are not subject to the waste levy [5]. Similar end 

of waste (EOW) framework is also established in 

Queensland [6], however, the SA model is noted to be less 

restrictive. Under the SA approach, a material may be 

used even in the absence of a published standard, provided 

it is ready and intended for imminent use without the need 

for further treatment to prevent any environmental harm 

[4]. In contrast, where RDF continues to be labelled as 

ówasteô, manufactures face significant compliance cost 

related to product approval and energy valorisation. 

While SA, Queensland, and Victoria explicitly 

classified RDF production as a mechanical EfW process 

within their position statement and guidelines [5, 7, 8], 

this classification is not clearly articulated in Western 

Australia [9] and New South Wales [10, 11]. Moreover, 

SA clearly recognises that RDF is an eligible fuel for 

thermal EfW such as gasification, whereas QLD, VIC and 

WA refer to RDF use only as a preferable alternative to 

landfills for residual waste. Notably, the clarity and 

strength of policy commitments vary considerably 

between jurisdictions. Some provide clear and transparent 

guidance, while others remain vague and uncertain. For 

example,  
¶ QLD ï óonly for residual wasteô [7] 

¶ VIC ï óShould consider residual waste, unless it is not 

shown be technically, environmentally, or economically 

practical for material recoveryô [8] 

¶ WA ï óEfW can be classified as material recovery when 

the bottom ash from the process is recycled and reusedô 

[9] 

Such ambiguities introduce regulatory uncertainty for 

project developers and investors. Victoria also 

implemented a regulatory cap limit on total waste 

processed through EfW. Introduced in 2024, the cap limits 

the combined throughout of all operators to 2 million 

tonne per financial year [12], later increased to 2.5 Mtpa 

in 2025 [13]. In NSW, EfW is prohibited except within 

the four precincts, namely the Parkes Activation Precinct, 

the West Lithgow Precinct, the Richmond Valley 

Figure 1. Policy context for RDF production and its use in EfW in SA, 

QLD, VIC, WA and NSW. 

Figure 2. The volumes waste for reuse&recycle, energy recovery and 

disposal at jurisdictional levels. 
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Regional Jobs Precinct, and the Southern Goulburn-

Mulwaree Precinct, although the  West Lithgow Precinct 

was removed in 2022 [14].  

From an economic policy perspective, one of the most 

significant incentive driving RDF production and its use 

in heavy industries is the landfill levy. This is because, a 

higher levy encourages diversion of waste from landfills 

when also enabling RDF producers to charge higher ógate 

feeô, strengthening the revenue base of the RDF supply 

chain. A recent project sponsored by the Heavy Industry 

Low-carbon Transition Cooperative Research Centre 

(HILT CRC) investigated the techno-economic feasibility 

for RDF-derived energy, indicating landfill levy as the 

primary factor on the levelised cost of RDF production 

(LCOR), as illustrated in Figure 3.  The case study 

performed under SA context estimated an LCOR of 1.85 

$/GJ, assuming a gate fee referenced to a landfill levy of 

156 $/ton. To illustrate jurisdictional variations, the 

historical landfill levies across the five major states were 

reviewed and are shown in Figure 4. 

 

2.3 Sector-specific challenges and opportunities 

The thermal substitution rate (TSR) for alternative fuel 

in cement industry in Australia reached at 24% in 2022-

23  [15] compared with 46% in European nations and a 

world average of 18% [16]. The maximum TSR 

achievable through RDF is typically 80-100% in the 

calciner, while it is limited to 50-60% in the kiln burner 

[17]. Such bottleneck arises primarily from the 

operational challenges related to the direct combustion of 

RDF such as incomplete combustion, increased specific 

heat consumption, reduced flame temperature, and kiln 

coating buildup. These issue fundamentally stem from the 

relatively low heating value of RDF, heterogeneity of 

RDF properties and high ash content of RDF. 

A promising approach to further enhance TSR in the 

cement industry is through RDF gasification, which 

converts solid waste into a clean gaseous fuel (syngas). 

Gasification enables the removal of impurities and 

increases in CV in a separate process. Moreover, RDF-

derived syngas can be retrofitted more easily into cement 

plants already using natural gas as the primary fuel. 

Beyond grey cement production, RDF-derived syngas 

also offers potentials for high temperature processes in 

white cement, alumina and iron & steel sectors, where 

direct RDF combustion is not feasible due to ash 

contamination unlike in grey cement manufacturing, 

where RDF can be incorporated into clinker.  

Despite its potential, RDF gasification faces technical 

and environmental challenges arising from the 

physicochemical parameters of waste feedstock including 

high moisture and ash contents, low CV, and the presence 

of chlorine, sulphur and heavy metals. These factors can 

lead to harmful emissions, corrosion of installations, ash 

depositions, and generations of problematic by-products. 

For instance, 1 t of RDF in a cement kiln, if compared to 

the use of hard coal, causes an increase in of around 421 

mg in the emission of mercury, 4.1 mg of lead, and 1.1 mg 

of cadmium [3]. Therefore, quality control and 

homogenization are important in the production process 

and downstream integration. Previous work on RDF 

gasification reported CV of ~ 5.5 MJ/Nm3 with a cold gas 

efficiency of ~70% when air as gasification agent and in 

fixed bed gasifiers [18, 19]. Sharma et al. [20] reported a 

decrease of calciner outlet temperature by already by 32 
oC and ~8% increase in outlet gas volume at a 15% TSR 

using RDF-derived syngas with a CV of 3.95 MJ/Nm3. 

These effects may influence the degree of calcination and 

overall clinker quality. Similar effects are expected in 

alumina calcination and direct reduction of iron (DRI), 

where syngas could potentially substitute natural gas or 

hydrogen, due to a much lower calorific efficiency. 

Nonetheless, improvements can be achieved via steam 

gasification resulting syngas with typically yield syngas 

with a higher heating value of 10-15 MJ/Nm3 [21].  

While syngas cleaning technologies can mitigate 

impacts of tars, heavy metals and Cl and S compounds, 

they also significantly affect economic performance of 

RDF gasification. Khan et al. [22] found that thermal 

conversion technologies for waste become more 

economical with increased plant capacity. In particular, 

the plastic fractions in RDF contributes most to its CV but 

also results in higher concentrations of Cl relative to other 

types of fuel [23, 24]. Gai et al  [25] found that 30-60 wt% 

of sulphur were released to the gaseous sulphides, while 

25-35 wt% of sulfur were retained in the ashes. Ferreira 

de Almeida et al. [26]found that major part of sulphur was 

released into the gas product, but chlorine mostly 

remained in the solid phase product. Although HCl and 

H2S gas cleaning technologies are commercialized in 

other industries, RDF gasification requires specific 

process conditions due to the unique composition. 

Haydary et al. [27] performed techno-economic analysis 

comparing wet and dry purification systems for  RDF 

gasification. They found that, when the removal 

efficiency of tars, HCl and H2S practically close to 100%, 

both configurations demonstrate similar economic 

viability. The dry method required a capital investment of 

26,6 Mú with a return on investment of 2.6 years, whereas 

the wet method cost 27.1Mú with a return of investment 

of 4.38 years [27]. The analysis assumed that RDF 

Figure 4. The effects of each revenue/cost factors for levelised of cost 

RDF. 

Figure 3. The historical landfill levies in the five states. 
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production costs were offset by waste disposal fees, with 

an RDF pretreatment rate of 3.9 ú/t. Further assessments 

are required to evaluate the techno-economic feasibility of 

RDF-derived syngas with Australian RDFs and the 

production costs considered local contexts. 

3. Conclusions  

The potential of waste-derived fuel in Australia stem 

from three factors: 

 1) synergies with waste management sector - as an 

innovative path to process residual waste, aligning with 

Australianôs commitment to enhance waste recovery rate 

and circular economy;  

2) Decarbonisation potential ï owning to their 

calorific values and biogenic factions to partially or fully 

replace fossil fuels; 

3) Economic competitiveness ï strong economic 

incentives such as landfill levy making RDF and RDF-

derived syngas increasingly competitive with other energy 

fuels. 

 

 Although NSW has the great potential driven by its 

large waste volume and high landfill levies, its regulatory 

framework is not yet fully supportive of such RDF 

utilisation. Until greater regulatory harmonisation is 

achieved across jurisdiction, short-term may lie in an 

establishment of interstate RDF supply chains, 

particularly through the transport of waste to Queensland 

and South Australia, where policy environment are more 

mature and conducive to further growth. 

 To enable broader uptake of waste-derived fuel in 

cement, iron and steel, and alumina sectors, future 

research should focus on: 

1) Advancing reliable and cost-effective 

gasification technologies and gas cleaning for high 

heating value and low-impurity syngas; 

2) Exploring the valorisation of waste-derived ash 

into value-added products, thereby improving 

both economically outcomes and economic 

performance 
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Oxymethylene ethers (OMEn) offer high oxygen content and low-soot potential, but their turbulent stabilization behaviour 

under practical high-temperature coflow conditions remains under-reported. This research investigates the stabilization of 

selected OMEn in Sydneyôs adoption of the Jet-in-Hot-Coflow (JHC) burner configuration (shown in Fig. 1.), leveraging 

methods established for DME/CH /H  flames where high-speed chemiluminescence (10 kHz) imaging of the electronically 

excited CH* radical is used to quantify lift -off dynamics, kernel formation and flame-base interaction statistics.  

 
Fig. 1. Jet-in-a-Hot Co-flow Burner Flow Configuration 

A central OMEn jet issues into a vitiated coflow with a 60 m/s jet velocity (UJ) and various co-flow temperatures (TC) to 

map stability via the time-averaged lift-off height (LOH) and its fluctuations ů(LOH). Utilizing the 10 kHz 

chemiluminescence imaging, kernel statistics are studied by constructing profiles of normalized positions for lift-off 

heights and new-kernel formation. 

 
Fig. 2. Stability limits of pre-vaporized fuels against co-flow temperature 

It is found that increasing TC lowers LOH and narrows its PDF, indicating higher stability and faster kernel consumption. 

Chain-length and oxygen-content effects are evident, where relative to OME2, OME1 requires higher TC to achieve 

comparable LOH, consistent with reduced autoignition propensity at otherwise similar flow conditions.  
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This study investigates how intake boost alters the performance of a variable compression ratio (CR), CFR engine 

operating on natural gas (NG) with increasing hydrogen (H2) concentration. In contrast to almost all prior works, the intake 

air temperature is held constant whilst a motor driven supercharger varies the intake boost. This avoids confounding 

thermal performance impacts of boost that are not inherent since they can be addressed with greater intercooling and other 

measures. A statistical analysis of the second derivative of the crank-angle-resolved, in-cylinder pressure (ὨὖȾὨ—) is 

first used to classify combustion regimes as normal, borderline knock or knocking across varying boost levels, 

compression ratios (CRs), air-fuel ratios (‗) and H-NG blends. The net indicated power, efficiency and engine-out 

emissions are then mapped across these combustion regimes. Finally, we conduct combustion modelling to examine the 

in-cylinder processes. 

H addition has a significant impact on the combustion regimes, consistently extending the lean limit and permitting stable 

combustion at higher ‗. This comes at the expense of increasing the engineôs propensity for end-gas autoignition. For 

blends of up to 20% H by volume, the increase in knock propensity is marginal, allowing emissions and efficiency 

improvements with no material loss in power output (Figure 1 & 2). However, the knocking tendency increases markedly 

as the hydrogen concentration is increased to 50% and beyond. These observations are compounded further by increasing 

boost levels, expanding the lean limit with increased combustion stability whilst increasing the autoignition intensity at 

the knock limit. Additionally, the increased combustion temperature of hydrogen addition leads to increased NOx 

emissions, necessitating further the need to operate leaner. 

The loss of power associated with lean operation is countered with the increased boost pressure, also resulting in higher 

net efficiencies than the less boosted cases. This is explored further in an energy balance analysis, highlighting that, at 

fixed ‗, increasing boost reduces the fraction of energy lost as unburnt fuel. Thus, efficient, low emission and knock-free 

engine operation on H/NG blends and even pure H at lean conditions appears possible, with net power outputs that are 

comparable to or even exceeding those of less boosted NG engines (Figure 2). 

   
 

 

 
 

 

 

Figure 2: a) Peak corrected efficiency and corresponding corrected net 

IMEP (black filled circles) vs ɚ, overlaid on combustion regimes indicating 

normal combustion (green), borderline knock (orange) and knock (red) for 

a) NA, b) 1 bar, c) 1.25 bar and d) 1.5 bar boost and CR = 10. 

Figure 1: Contours of CoV of IMEP (%, black lines) and NOx emissions 

(g/kWh, white lines), overlaid on combustion regimes indicating normal 

combustion (green), borderline knock (orange) and knock (red) for a) NA, 

b) 1 bar, c) 1.25 bar and d) 1.5 bar boost and CR = 10. 
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Boundary layer flashback (BLF) has been a major challenge in the development of large-scale, hydrogen-fuelled premixed gas turbine 

combustors. The critical velocity gradient (CVG) model [1,2] has been widely used to predict the onset of BLF by considering the 

incoming velocity gradient at the wall, defined as Ὣ ὨὟȾὨώ: 

Ὣȟ ȟ                                                                                   (1) 

 

where Ὣȟ  is the CVG predicted by the model, Ὓ is the unstrained laminar flame speed, and ‏ is the penetration distance from 
the wall at which the laminar flame speed Ὓ is equal to the flow velocity, which is usually taken to be the order of the unstrained 
laminar flame thickness ‏. The model states flashback occurs if Ὣ Ὣȟ . CVG has several limitations [3], notably it does not 
incorporate the effects of differential diffusion, which for lean premixed hydrogen flames lead to local flame enrichment [4], potentially 
resulting in a higher flashback propensity and invalidating the use of Ὓ and ‏ in the CVG model. To test the hypothesis that differential 
diffusion may be a significant effect and examine the validity of CVG, we simulated using 2D direct numerical simulations (DNS) a 
series of laminar wall-interacting flames propagating into a linear imposed inflow velocity profile (Fig 1 a). The inflow velocity gradient 
was varied iteratively until the critical gradient was found. To isolate and expose differential diffusion effects, we compared three sets 
of simulations with different molecular transport models: a) mixture-averaged transport models with the Soret effect (MA-Soret), b) a 
mixture averaged model without the Soret effect (MA-xx), and c) a unity-Lewis-number (UL). Equivalence ratio was varied from 0.4 
to 1.0 to capture trends, where the leaner mixtures were expected to be strongly influenced by differential diffusion, based on freely 
propagating flame studies [4]. Fig. 2 shows the critical Karvolitz number, defined as  ὑ Ὣ/(Ὓ/ὖὩȟ Ͻ‏), where the penetration 
distance was modelled by the quenching distance obtained from 1D head on quenching simulations (‏ὴͯ ὖὩȟ Ͻ‏). It is found that 
the CVG concept is able to capture the flashback limit for the UL cases where differential diffusion is inherently suppressed, as the ὑ  
remains order unity and approximately constant across conditions. However, when differential diffusion is included, the CVG estimated 
by the model significantly underpredicts the flashback onset under very fuel-lean conditions. This discrepancy becomes more 
pronounced with further inclusion of thermal diffusion via the Soret effect. These effects are most significant under very fuel-lean 
conditions (ɮ πȢτȟπȢυ) but diminish towards fuel-richer conditions (ɮ πȢψ). These findings are supported by Fig. 3. It shows a 
significant local equivalence ratio enrichment in the leading flame bulge pocket for MA-xx due to the effects of differential diffusion 
at very lean conditions. This local enhancement is further increased by the inclusion of thermal diffusion effect seen in MA-Soret. 
Meanwhile, such effect is not present in the UL. Consequently, this allows the flame tip that is convex towards the fresh mixture to 
travel at a faster flame speed than the value predicted from 1D analysis, increasing flashback propensity. Therefore, the existing CVG 
model must be modified to account for deviations induced by both differential and thermal diffusion in order to accurately predict the 
flashback limit for hydrogen combustion in gas turbine conditions where these effects are non-negligible. 
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Fig. 2: ὑ  plot as a function of equivalence 

ratio 

Fig. 3: Local equivalence ratio comparison between MA-

Soret, MA-xx, UL at   πȢτ and πȢψ 
 

 

Fig. 1: (a) CVG schematic 

(b) numerical setup 

initialisation (c) flame 

stabilised 
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The substitution of fossil fuels with hydrogen (H ) and hydrogen-based fuels in high-temperature processes represents 

a critical pathway for decarbonising the iron and steel industry. To date, relatively less studies have investigated high H2 

content blends (>50% H2 by vol.), including pure H2 combustion (100% H2 firing) [1-4]. These studies are rather applicable 

to systems which generally operates close to stoichiometry with less excess air. Despite this, limited understanding on 

how H2 substitution impacts hot gas generator (HGG) performance at industrial scale exist, underscoring the need for 

further studies to support the green transition of pelletising technologies. This study presents a detailed CFD investigation 

of an industrial-scale (7.5 MWth), non-premixed swirl burner integrated into a HGG) for iron pelletization. The objective 

was to assess combustion and process performance under fuel transition scenarios from natural gas (NG) to NG/H2 blends 

(50%NG+50% H2, 20%NG+80% H2, 10%NG+90% H2) and pure H2 operation. A detailed 3D CFD model of the burner 

and HGG was developed using Ansys Fluent 2024 (version R1). For H2-based firing, two firing strategies were considered 

while maintaining the total thermal input to HGG as per current NG operation, namely i) constant inlet air mass flow rate 

to the burner, and ii) constant equivalence ratio, as per NG operations. The model was verified against the plant data from 

current NG operations, and detailed validation is carried on laboratory-scale for pure NG, H2, and their blends. The model 

predictions indicate that while the fuel type has a minor impact on the overall flame shape for this burner configuration, 

both peak flame temperature and emission index of NOx (EINO)values were significantly increased by H2 addition (see 

Figure 1). For NG case, it was found that the entire region between the swirler and the bluff body achieves extinction due 

to high strain. This results in efficient air-fuel mixing prior to ignition and produces ultra-low NOx. In contrast, for pure 

H2, the flame does not show a local extinction region and has features of a diffusion flame, resulting in poor air-fuel 

mixing. The choice of firing strategy strongly influenced process performance. Maintaining constant air mass flow (ά
ά ȟ ) produced negligible changes in flue gas sensible enthalpy and mean temperature, thereby minimizing operational 

disruption to pelletization. In contrast, constant equivalence ratio (‰ ‰ ) operation led to significant deviations in 

process conditions. Overall, the results demonstrate that the existing burner configuration can accommodate up to ~90% 

H2 by volume without major performance penalties, provided air mass flow is conserved. However, achieving 100% H2 

firing within current NOx emission limits will likely necessitate burner redesign and optimized firing strategies. Ongoing 

work is focused on developing modified burner configurations for full H2 capability. 

       
Figure 1. Predicted values of EINO & Ὕ  in the HGG as a function of H2 vol% for both scenarios (a) ‰  and (b) ‰  = 0.53. 
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The need to reduce greenhouse gas emissions requires decarbonization for which hydrogen is a promising alternative. 
However, hydrogen has distinct thermochemical properties, such as a high flame speed, high flame temperature, and 
higher mass diffusivity, from hydrocarbons, making its combustion challenging[1]. The high-fidelity numerical 
simulations of turbulent combustion play an important role in predicting turbulent flame speed and are required to predict 
flame stabilization, flame shape and various combustion performance parameters such as emissions, pressure drop, heat 
transfer etc. However, turbulent flows involve different length and time scales, which can be resolved by direct numerical 
simulation (DNS), which is accurate but computationally prohibitive for practical combustor design. In contrast, large 
eddy simulation (LES) separates large and small scales by resolving large structures and modelling small scales, employs 
much coarser mesh and hence reduces computational cost. The modelling of unresolved terms or sub-filter scale 
phenomena in the highly non-linear transport equations of turbulent reacting flows is very challenging endeavor for use 
of LES in industrial applications. This is because the turbulent flame speed is not just a thermochemical mixture property, 
but is largely dependent on the turbulence and its interaction with the flame propagation and distinct flame regions. 

The present study focuses on modelling the chemical source term 
for thermo-diffusively unstable lean premixed hydrogen flames. 
Fully resolved freely propagating lean premixed hydrogen flames 
are simulated in a classical inflow-outflow-periodic configuration 
in two-dimensional cartesian domain with detailed chemistry and 
transport models to generate the DNS dataset. Filtered DNS data 
is utilized to find the relationship between local the fuel 
consumption rate and relevant local flow-field and mixture 
quantities such as the progress variable, flow strain rate, and flame 
curvature. The Gaussian filter is used, and different filter sizes and 
down-sampling factors are taken into consideration[2]. A two-
dimensional U-Net is used, which is a type of convolutional neural 
network (CNN) is used to extract spatial information by zooming 
in and zooming out of two-dimensional DNS data snapshots from 
fully developed intrinsic instabilities regime of flame 
propagation, learning all patterns and details[1], [2]. Local 
progress variable, strain rate, and curvature are selected as 
independent parameters, while the dependent parameter is the local chemical source term. These parameters are selected 

based on optimal parameter rankings. The performance of model is evaluated using R-Squared (R2) which explains the 

difference between samples and predictions made by model. Results highlight that when the strain rate, mean curvature, 

and progress variable are considered together, the R2 score approaches 1, indicating good predictive capability. To see 
the relative importance of each parameter independently, the parameters are removed sequentially. It is found that when 

mean curvature is excluded, the R2 score remains relatively high, between 0.9 and 1, as can be observed in Figure 1, 
showing only a slight reduction in accuracy. In contrast, when only mean curvature is included and strain rate is excluded, 

the R2 score drops to the range of 0.6ï0.8 as shown in Figure 1. These findings highlight that strain rate plays a more 
important role than mean curvature in determining the chemical source term. These findings can be utilized to improve 
the prediction of turbulent combustion models incorporating thermo-diffusive effects. 
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Figure 1: Comparison between ground truth and predicted reaction 

rate. 
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With worldwide push to net zero carbon emissions, gas turbine manufacturers are compelled to design combustors of next 

generation turbines to allow reliable burning of hydrogen fuel [1]. However, hydrogen possesses different combustion 

properties than methane, conventionally burnt in gas turbines [2]. The intrinsic variation in the thermochemical and 

thermophysical properties of the two fuels contribute differing thermoacoustic responses to combustion phenomena [2] 

which is especially problematic for gas turbines. Therefore, there exists a gap to both characterize the mechanisms by 

which hydrogen combustion leads to instability under relevant gas turbine operating conditions and to also assess the 

sensitivity of the instabilities to operating conditions, deriving practical pathways to hydrogen combustion. This work 

numerically models the configuration employed in experimental investigations previously conducted by our group. The 

aim is to firstly validate the numerical setup against the experimental results and secondly to extend the sweep across a 

wider range of operating conditions, while providing high fidelity diagnostics to inform on the physics in question.   

Large Eddy Simulations of a model combustor are conducted using AVBP v7.12 developed by CERFACS 

(www.cerfacs.fr/avbp7x) which solves the compressible Navier-Stokes equations and species transport equations on an 

unstructured tetrahedral grid. This model combustor was designed and built at the University of Melbourne to study 

pressure effects on hydrogen premixed flames. Fresh air-H2 mixture is injected into the burner through a turbulent jet from 

the bottom. Both the inlet and outlet boundary conditions employ NSCBC to accurately capture the thermoacoustic 

response. A hemisphere extends the domain into the atmospheric outflow region to model the choked narrow outlet nozzle 

flow effects in a physically representative and numerically stable condition. The computational configuration and the mesh 

distribution is outlined in Figure 1 (left). The reaction kinetics are computed using a skeletal reduced UCSD chemical 

mechanism with 9 species and 42 chemical reactions. The dynamic thickened flame combustion model is used along with 

efficiency functions to capture the flame wrinkling. The preliminary results are outlined below showcasing some resolved 

flame dynamics even at relatively low mesh resolution. These will be refined and compared against the experimental 

results for a range of pressures. This will allow us to assess the performance of the Thickened Flame (TF) model, the core 

combustion model in AVBP, for lean hydrogen premixed flames at atmospheric and elevated pressures.    

 
Figure 1 (left) shows a cross-sectional view of the modelled burner setup, mesh edge length, and boundary conditions used, (right)  preliminary results 

showing velocity in z-direction with a zoom in on the temperature and H2O mass fraction contours around the flame. The solid border marks the 
bounds of the fine mesh region.  

 
[1] S. Hermeth et al.,Volume 3B: Combustion, Fuels, and Emissions, ASME, June 2024, p. V03BT04A034. doi: 10.1115/GT2024-128517.  
[2] H. Pitsch, Proc. Combust. Inst., vol. 40, no. 1ï4, p. 105638, 2024, doi: 10.1016/j.proci.2024.105638.  
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The transition to hydrogen-based energy systems offers unique opportunities for decarbonizing thermochemical energy conversion but 

also introduces new challenges due to the distinct transport and combustion properties of hydrogen compared to natural gas. Premixed 

combustion is attractive for efficiency and emissions control; however, premixed hydrogen flames differ significantly from methane 

flames, particularly under lean conditions where thermodiffusive instabilities can arise. These instabilities originate from the very low 

Lewis number of hydrogen that introduces a disparity between mass and heat fluxes and changes local reactivity. In turbulent jet flames, 

Berger et al. [1] reported synergistic interactions between thermodiffusive instabilities and turbulence that can increase the consumption 

speed up to a factor of five. Such differences in combustion behavior pose significant challenges for fuel-flexible operation of 

combustion systems and demand a deeper understanding of turbulenceïchemistry interactions in hydrogen and methane flames. 

This study compares turbulent premixed hydrogen and methane flames under controlled conditions using two direct numerical 

simulation (DNS) datasets: a lean hydrogen premixed slot flame [2] and a stoichiometric methane round jet flame [3]. Visualizations of 

the temperature field are shown in Fig. a) for the hydrogen flame and in Fig b) for the methane flame. The hydrogen flame reveals 

significant super-adiabatic temperatures (Ὕ ρτρψ ὑ) caused by thermodiffusive instabilities, which are not present in the methane 

flame. Both flames have comparable Reynolds and Karlovitz numbers, approximately 11,000 and 80, respectively. This work focuses 

on turbulenceïchemistry interactions at smaller scales, which are mostly comparable in both configurations, despite the geometric 

differences between the slot and round jet flames that lead to different large-scale turbulence characteristics. 

Figures c) and d) show the flame surface density conditioned on the progress variables at multiple streamwise locations. Toward the 

flame tip, both flames exhibit increasing flame thickening. Compared with the one-dimensional, unstretched flame, the turbulent 

methane flame (c) exhibits considerable thickening. The turbulent hydrogen flame (d), however, displays a reduced flame thickness 

relative to the one-dimensional flame. This behavior can be partly attributed to differences in turbulence decay between slot and jet 

flames but is primarily driven by thermodiffusive instabilities. This observation is consistent with Berger et al. [1] who demonstrated 

that artificially suppressing thermodiffusive instabilities causes flame thickening. The final paper will present a detailed analysis of 

flame-turbulence interactions in hydrogen and methane flames with a focus on flame thickening, stretching, and curvature. To 

disentangle the interactions between strain and curvature, the progress variable gradient will be conditioned on curvature. In hydrogen 

flames, flame thickening with curvature is highly asymmetric. Positively curved flame segments are more reactive due to differential 

diffusion, leading to a steepening of progress-variable gradients compared to negatively curved segments. It will be demonstrated that 

this asymmetry becomes less pronounced at higher Karlovitz numbers and does not occur in methane flames. 
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To meet global sustainability goals and growing energy demands, combustion systems must reduce CO2, NOx, and noise 

emissions while improving efficiency. Hydrogen (H2), as a carbon-free fuel, has emerged as a promising alternative, 

particularly in lean premixed (LPM) combustion, which offers lower emissions and higher efficiency. However, LPM H2 

flames are prone to thermoacoustic instabilities, which can lead to severe structural engine damage. Prior studies have 

shown that H2 addition alters flame dynamics and sound generation [1], but current understanding of spectral 

characteristics is mostly limited to hydrocarbon flames. This work experimentally investigates the acoustic and heat release 

characteristics of open, swirled, turbulent premixed flames, comparing pure methane with hydrogen-enriched methane.   

The experimental setup consists of a premixed swirl burner operated with methane and hydrogen-enriched methane from 

0-100 vol.% H2 (H000-H100) varying the equivalence ratio ‰  πȢτχ  ρ (P047-P100) while maintaining a constant 

laminar flame speed SL. Varying the hydrogen content and the equivalence ratio varies the effective Lewis number (Le) 

over a constant SL. Three different test rows with ὛL = 24, 37, and 50 cm/s, each with varying H2 content, were conducted 

while adjusting ‰ to isolate the effect of Le across differing SL. In total, 18 experimental conditions were investigated at a 

constant mean bulk velocity of UB=15 m/s, covering heat powers from 13 to 34 kW, Reynolds numbers of Re  

and Karlovitz numbers of +Á  σ  ρφȢτ. Acoustic measurements were recorded using two microphones placed 

downstream of the burner, while heat release rate fluctuations were captured via OH* chemiluminescence (OH*-CL) 

imaging using a high-speed camera with a narrow bandpass filter at 310 Ñ 10 nm. Additionally, stereo Particle Image 

Velocimetry (sPIV) was used with SiO2 particles and a laser to record the three velocity field components in the centre 

plane at 10 Hz simultaneously to microphone measurements. Acoustic spectra showed good agreement with the temporal 

derivative of the OH*-CL (dCLᴂ/dt) signal, which is assumed proportional to heat release rate fluctuations.   

Spectral analysis revealed that increasing hydrogen content increases peak frequencies, steepens spectral slopes, and 

increases overall sound pressure levels (OASPL), despite constant SL, which is a decisive parameter for sound generation 

[2]. The reduced Le and increased flame reactivity with hydrogen lead to higher turbulent flame speeds and compact flame 

shapes. A scaling law for the OASPL is showing the importance of turbulent flame speed, temperature ratio and effective 

Lewis number. These results highlight the influence of hydrogen on acoustic behaviour and suggest that the spectral shift 

to higher frequencies, along with increased emitted acoustic energy, may contribute to an increased susceptibility of 

confined premixed combustion systems to high-frequency thermoacoustic instabilities.   
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The G-equation models the flame front as an infinitely thin level set that is advected by the resolved flow and 

propagates normal to itself with a prescribed local speed [1]. A central issue is specifying the turbulent flame speed in the 

source term of the G-transport equation. Owing to its simplicity, the approach is widely used in practical simulations (e.g., 

spark ignition engines), with the turbulent flame speed commonly closed by the Damköhler scaling, extended to LES by 

replacing the turbulence intensity with the subgrid scale fluctuation: 

Ὓ Ὓ ρ ὃόЎ Ὓϳ  

where Ὓ is the laminar flame speed and ὃ, and ὲ are model constants. The constant ὃ is often tuned to match case-specific 

characteristics and thus varies across studies. For example, Shmitt et. al. [2] employed ὃ χȢυ for a simulation of a direct 

injection spark ignition (DISI) engine fuelled with compressed natural gas (CNG), whereas Dou et. Al. [3] used ὃ σȢυ 
to simulate hydrogen combustion in a cooperative fuel research (CFR) engine. 

The present investigation aims to identify the parameters governing ὃ using a jet flame configuration, thereby 

minimising empirical tuning and enabling applicability across a broad range of operating conditions and fuels. To this end, 

eight large-eddy simulations (LESs) of premixed jet flames, validated with the experimental data of Tamdonfar and Gülder 

[4], were performed. These include four methane cases and four propane cases. The nozzle exit diameter and bulk velocity 

were fixed at Ὀ ρρȢρ ÍÍ and Ὗ ςρ ÍȾÓ, respectively. For each fuel, two equivalence ratios, πȢψ and ρȢπ, were 

combined with two turbulence intensity levels, yielding όᴂὛϳ  in the range ςȢσ φȢψ and Karlovitz numbers ὑὥ πȢσ
τȢψ, see Fig. 1. A uniform grid spacing of ɝ πȢυ ÍÍ was employed, giving ɝ‏ϳ ρ ρȢσ, where ‏ is the laminar 

thermal flame thickness. The subgrid scale stresses were modelled with the dynamic Smagorinsky closure. 

The coefficient ὃ was adjusted to match the experimental flame height within the reported uncertainty in the 

experimental data. A single value did not reproduce all cases; methane required ὃ ςȢυ and propane ὃ ρȢτ, indicating 

a clear fuel dependence of the Damköhler correlation. This was found to relate to Lewis number effects [5]. The 

simulations captured the mean flame brush characteristics with good fidelity, as seen from the agreement in the horizontal 

mean flame brush thickness between the ộὧỚ πȢπυ and πȢυ isolines in Fig. 2. Moreover, the simulations were effective 

in capturing the resolved wrinkling for low (left) and high (right) ὑὥ cases, as can be seen in Fig.3. These results highlight 

the sensitivity of the turbulent flame speed correlation to fuel type and the quality of the G-equation modelling in capturing 

the turbulent premixed flame characteristics. 
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Fig. 1. Test cases on the Borghi regime 

diagram. Fig. 3.  Instantaneous isosurface c=0.5, 
for methane (left) and propane (right) 

(representative cases). 

Fig. 2.  Axial distribution of horizontal 

mean flame brush thickness for methane 

and propane (representative cases). 
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The transition toward carbon-neutral energy systems requires advanced combustion technologies capable of operating under ultra-

lean conditions with minimal emissions. In this work, a novel burner was designed and manufactured to achieve stable lean combustion 

of clean gaseous fuels. The stabilisation mechanism is based on bluff-body recirculation which makes use of an in induced compositional 

inhomogeneity as part of the burner design. The fuel and air streams remain mostly separated until close to the jet exit plane to eliminate 

the risk of flashback.  

Initial experiments were carried out using compressed natural gas (CNG) to validate the burner performance. The results demonstrated 

a significant extension of the lean flammability limit down to an equivalence ratio of 0.4, surpassing conventional stability thresholds 

reported for CNG. Building upon these findings, ongoing experiments are being conducted, initially with hydrogen/CNG blends, and 

then transitioning to pure hydrogen.  

 

The results in Figure 1 show a noticeable improvement in blow-off stability for the diffusion (inhomogeneous) mode compared to the 

premixed mode. The diffusion inhomogeneous flames can sustain combustion at much higher flow velocities on the lean side, reaching 

a maximum of about 70 m/s near ‰ πȢχ. This improvement is attributed to the combined effects of induced compositional 

inhomogeneity and bluff-body recirculation mechanisms enabled by the novel burner design. 

 

The stability characteristics of the burner, mixture compositional inhomogeneity along with initial results on flame structure, will be 

presented at the conference. 

 

 

 
Figure 1: Comparison of Blow-Off Limits for Premixed and Diffusion Flames 
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Modelling of turbulent premixed flames with a detailed chemistry mechanism is highly computationally demanding due to the high 

dimensionality of the Stochastic Differential Equations (SDEs) that govern the temporal evolution of the notional particles in the 

Multiple Mapping Conditioning (MMC) framework [1], in addition to the stiffness of reaction kinetics. One of the desired properties of 

a micro mixing model is to enforce localness in both the reference and physical spaces, to ensure a proper prediction of the actual inner 

flame structure [2]. In this work, Shadow Position reference variable is employed to localise particle mixing in the reference space, as 

it enables efficient particle selection by solely considering distances in the reference space, which remains tightly coupled to the physical 

space, therefore ensuring physically consistent mixing interactions [3].  

Currently, the Shadow Position reference space has been implemented and is being tested on a mimic mesh of the Darmstadt 

stratified burner, specifically the TSF-G case, which represents a purely premixed flame with an equivalence ratio of 0.9 in both slots. 

The burner configuration is illustrated in Figure 1, where the central tube corresponds to the pilot tube, and the two outer tubes are 

referred to as slot 1 and slot 2, respectively.   

 
Figure 6: Darmstadt Stratified Burner configuration [4] 

 
Figure 7a: CH4 contour plot 

 
Figure 2b: CO2 contour plot 

 
The mixing mechanism has been evaluated using the two-step reaction model. Figures 2a and 2b show the contours of the main fuel 

CH4 and the major product species CO2, respectively, obtained from the computational domain extending downstream from the pilot 

exit. Further work will extend this implementation to the stratified TSF-C case, characterized by equivalence ratios of 0.9 and 0.6 in 

slots 1 and 2, respectively. To achieve accurate simulations, a detailed chemical mechanism will be employed in conjunction with the 

In-situ Adaptive Tabulation (ISAT) method, which is expected to significantly reduce the associated computational cost [5]. 
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This research investigates a wide range of excitation-frequencies for both cyano radical (CN) and formaldehyde (CH2O) 

radicals in a laminar NH3-DME flame. This research aims to resolve the commonly encountered issue of CH2O/CN signal overlapping 

when using CN or CH2O PLIF in turbulent flames, especially in high formaldehyde-producing fuel mixtures as in the case when 

ammonia is blended with oxygenated fuel such as OMEs. The study was conducted by scanning the flame using a Sirah Precision Scan 

Dye Laser, charged with LDS698 ethanol-dissolved dye, and pumped by a Quanta-Ray Nd:YAG Pro Laser, to tune the output 

wavelength over the range (353 ï 359.15) nm with a step size of 7.5 picometers. The scanned spectrum for both radicals is shown in 

Figure1.  

 

The scans utilized the definite layer positioning for each of the CN and CH2O signals within the laminar flame. The CN PLIF 

scan was performed using a 387 ± 11nm bandpass filter to block the formaldehyde signal and the CH2O PLIF scan used a 400 nm LP 

filter to block the CNôs. The scans results showed stronger CH2O PLIF signals near 353 nm ï steadily decreasing towards the 359.15 

nm end, where the CN PLIF signals were stronger in the second half of the scanned spectrum (356 ï 359.15) nm. Considering both 

signal profiles, the excitation line around 359.03 nm was chosen for CN PLIF (with heavily reduced CH2O), and the excitation line 

around 353.06 nm was chosen for CH2O PLIF without CN.  

 

This research has promising implications, as it lays down the bases for more accurate CN/CH2O PLIF in ammonia cofired 

hydrocarbon flames and enables the convenience of using a single camera experimental setup for CN PLIF in turbulent NH3-OMEs 

flames; by wisely selecting a proper excitation line and proper optical filters. Many previous research have investigated different 

excitation-detection schemes and various techniques for CN PLIF [1-4]. This is of immense importance especially with the increasing 

interest in ammonia as a clean fuel option, where CN emerges as a predominant intermediate in nitrogen-chemistry combustion that can 

be utilized as a reaction zone marker as shown in [1, 2]. 

 

 
Figure 1. Normalized CN PLIF and CH2O PLIF profiles acquired over the range 353 ï 359.15 nm, each collected using the respective optical filter 

with fixed flame conditions. The red dashed lines mark the five selected cases for comparison. 

 

 

 

 

 
[1] B. Zhou, C. Brackmann, Z. Li and M. Aldén, Combust. Flame 162 (2) (2015) 368ï374.   

[2] A. Satija, M.D. Ruesch, M.S. Powell, S.F. Son and R.P. Lucht, Opt. Lett. 43 (3) (2018) 443ï446.   

[3] A. Hirano and M. Tsujishita, Appl. Opt. 33 (33) (1994) 7777ï7780.   

[4] R.L. Stolk, M.M.J.W. Van Herpen, J.J. Ter Meulen and J.J. Schermer, J. Appl. Phys. 88 (6) (2000) 3708ï3716.   
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In this study, the ignition and combustion characteristics of methanol were examined using a high-temperature, high-

pressure constant-volume combustion chamber. Experiments were conducted under an ambient gas density of 23.3 kg/m³, 

an ambient oxygen concentration of 21 vol.%, and an injection pressure of 100 MPa. Ambient temperatures were varied 

between 1000 K and 1200 K to investigate autoignition behavior. Although previous studies have explored methanol 

autoignition, there remains a notable gap in the literature regarding parametric variations within the range relevant to this 

investigation [1-3]. High-speed schlieren imaging, OH* chemiluminescence, diffused back illumination, and pressure 

trace measurements were employed to determine ignition delay, lift-off length, liquid length, heat release rate, and overall 

flame behaviour. Under the tested conditions, autoignition was only observable (within field of view) at ambient 

temperatures above 1100 K. The results indicated that methanol ignition delay, lift-off length, and liquid length decreased 

with increasing ambient temperature, exhibiting trends similar to those reported for conventional diesel fuel within the 

tested range. At 1200 K, experimental measurements showed a liquid length (DBI-based, measured under non-reactive 

hot condition) of 18.80 Ñ 1.48 mm and a lift-off length (OH*-based) of 22.79 Ñ 1.36 mm, indicating potential overlap. 

 
(a) 

 
 

(b) 

 
 

(c)  
Figure 1: (a): Non-reacting and reacting (21% O ) cases at 1100 K and 100 MPa. (b) Intensity versus time after start of injection 

(aSOI) for five non-reacting and reacting runs, with ignition delay and associated uncertainties indicated. (c) Intensity increment 

versus time aSOI for the non-reacting and reacting runs shown in (b), with ignition delay and uncertainties marked. 

 

Focusing on the 1100 K (baseline) case, particular attention was given to investigating the potential spray-disappearance 

phenomenon for the methanol jet. This effect has previously been observed in Schlieren studies of reacting diesel sprays, 

but not in non-reacting diesel jets [4]. For diesel sprays, earlier studies have attributed the phenomenon to changes in the 

chemical composition and temperature of the mixture during the early ignition phase. These changes temporarily alter the 

refractive index of the mixture so that, for a brief period, it approaches that of the surrounding gas, rendering the spray 

invisible to the Schlieren system. 

To assess potential differences between reacting and non-reacting methanol jets, an image-processing method was applied. 

First, the spray boundaries of both reactive and non-reactive jets were determined (Figure 1(a)), and subsequently the 

intensity variations within these boundaries were quantified and compared (Figure 1(b)). In Figure 1(b), intensity profiles 

for five non-reacting and reacting runs are presented, with ignition delay and associated uncertainties indicated. Figure 1(c) 

shows the corresponding intensity increments (i.e., gradients) for the same runs. In both cases, intensity increases with 

time after the start of injection (aSOI). For the non-reacting cases, the intensity rises continuously throughout the injection 

event. In contrast, for the reacting cases, the intensity exhibits a slight plateau just before rising sharply again, with the 

sharp increase corresponding to the high-temperature ignition event, as confirmed by the appearance of the ignition kernel 

in the Schlieren images. Deviations between reacting and non-reacting cases are also evident in the same interval of the 

gradient plots. 

 
[1] Ming, Zhenyang, Bo Liu, Xuan Zhang, Mingsheng Wen, Haifeng Liu, Yanqing Cui, Ying Ye et al. Fuel Processing Technology 252 (2023) 107947. 

[2] Siebers, Dennis L., and C. F. Edwards, SAE transactions (1987): 140-152. 
[3] J. Manin, ECN 9.0 Workshop, Sandia National Laboratories, 2023. 

[4] Skeen, Scott A., Julien Manin, and Lyle M. Pickett. Proceedings of the Combustion Institute 35.3 (2015): 3167-3174. 
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Introduction  

The decarbonisation of heavy industry necessitates the development of transformative combustion technologies capable of efficiently 

utilising carbon-free fuels while minimising emissions. Hydrogen presents a promising pathway, yet its unique combustion properties 

including high flame speed and low ignition energy pose significant challenges for burner design, particularly concerning flame stability 

and nitrogen oxide (NOx) formation [1]. This study presents an experimental investigation into the flame dynamics and emissions 

characteristics of a scaled-down dual-swirl burner utilised in iron ore pelletiser processes. The burner was fed with 100% H2. This work 

elucidates the interplay between aerodynamic strain, flame topology, and emissions to inform the design of next-generation, low-

emission industrial heating systems.  

 
Experimental Methodology 
The experimental facility comprises a scaled-down, non-premixed, dual-swirl burner [2], operating at atmospheric pressure in 

unconfined settings. Combustion air and hydrogen streams were injected coaxially and swirled independently. The burner was operated 

at three distinct thermal input: 15, 22.5 and 30 kW. For a constant inlet fuel velocity, the global strain rate was systematically varied by 

varying the air-to-fuel velocity ratio (Ua/Uf), to assess its impact on flame dynamic and structure. The investigation was conducted by 

methodically increasing and subsequently decreasing the inlet air velocity to map flame response. Diagnostics consisted of direct flame 

imaging to characterise flame topology besides flame temperature and exhaust gas emission measurements. 

 
Results and Discussion 
Flame hysteresis (Bistability) phenomenon was identified across all thermal powers (Fig 1a). Within a specific range of global strain 

rate values, two distinct and stable flame modes could be established, with the prevailing topology being dependent on the pathway 

followed to achieve a given operating point (i.e., increasing vs. decreasing strain rate). Correspondingly, two different EINOx values 

were measured for a single strain rate within the hysteresis window (Fig 1b). The width of this hysteresis regime was observed to shrink 

with increasing thermal power, indicating a reduced dependence on flow history at higher heat release rates. Three principal flame 

modes were identified as a function of increasing strain rate: 

1. Diffusion-flame mode/ High NOx Mode (A): Characterised by an elongated flame structure resembling a classical diffusion 

flame. This mode exhibited the highest flame luminosity and produced the maximum EINOx. 

2. Intermediate NOx Mode (B): The flame length shortens considerably as air entrainment improves, resulting in a more 

compact flame and a significant reduction in EINO x. 

3. Low NOx (High-Strain) Mode (C): At the highest velocity ratios, the flame lifts and stabilises as a detached or weakly-

attached structure resembling a "spinning top." This high-strain condition effectively suppresses thermal NOx pathways, 

yielding near-zero EINOx values. 

                          
                         

Figure 1: a) Regime diagram b) Direct flame visualisation for 15 kW c) Variation of EINOx with velocity ratio 

 

Significance and Conclusions 
This work provides the first experimental evidence of a significant hysteresis loop in the flame topology besides emission regimes of a 

dual-swirl, pure hydrogen flame. The discovery that a single operating condition (VR) can yield two distinct flame states, one potentially 

with higher emissions, is of paramount importance for the design and control of industrial hydrogen burners. Understanding and 

operating around this hysteresis regime could be critical to ensure stable, reliable, and low-emission performance. These findings 

provide foundational knowledge for developing next-generation, fuel-flexible burners capable of achieving ultra-low NOx emissions for 

high-temperature heating applications, a key technology for decarbonising the heavy industry sector.                                                            

 
[1] T.J. Wallington, M. Woody, G.M. Lewis, G.A. Keoleian, E.J. Adler, J.R.R.A. Martins, M.D. Collette, Renew Sustain Energy Rev 217 (2025) 115725. 

[2] A.J. Gee, N. Smith, A. Chinnici, P.R. Medwell, Int. J. Hydrogen Energy 49 (2024) 747-757. 
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Adaptation of hydrogen as a fuel for high-temperature heating applications presents several challenges, particularly thermal NOX 

production and reduced radiative heat transfer. Oxy-steam combustion in the MILD (moderate or intense low-oxygen dilution) regime 

addresses both challenges. Thermal NOX is reduced by removing the nitrogen from the oxidiser, and by limiting production via thermal 

routes in the case of air intrusion through the MILD regime. Additionally, introducing steam as a diluent enhances thermal radiation. 

However, both steam and pure oxygen are required to achieve these conditions.  

This study investigates the feasibility of using hydrogen peroxide (H2O2) as an oxygen and steam carrier for hydrogen-fuelled 

heating applications, since H2O2 decomposes into water and oxygen upon heating. When compared to standard oxy-steam combustion, 

the exothermic decomposition of H2O2 can contribute towards input heat as well, thus reducing the requirements for steam generation. 

Batch reactor, perfectly-stirred reactor, and opposed flow laminar flamelet simulations are conducted over a range of representative 

conditions to investigate the combustion characteristics of this system. The results show that reactor ignition is enhanced with an increase 

in H2O2 mass fraction within the oxidiser mixture. However, even at high H2O2 content, a rapid preheating stage does not allow 

significant decomposition of the H2O2 into an appropriate radical pool to promote ignition within furnace-relevant residence times, 

suggesting that external preheating or cracking upstream of a furnace may be required for practical applications.  

Fundamentally, H2O2-steam flames without pre-cracking show unique flame structures when compared to the equilibrium/cracked 

mixtures. Specifically, a double-peak structure of heat release is observed in the H2O2-steam cases, where first peak correlates with 

exothermic decomposition of H2O2, and the second corresponds to the primary combustion process with the fuel. This structure is shown 

in Figure 1.  

 
Figure 1: Profiles in mixture fraction space of net heat release rate and temperature at 15%, 20%, 25%, and 30% H2O2 mass fraction, initial oxidiser 

temperature of 673K, and a strain of 100/s. Solid symbols indicate key heat release rate phenomena. dH2O2 -steam refers to decomposed H2O2, and 

ñstò refers to stoichiometric conditions.  

 
An increase in global strain rate narrows the flammable range, leading to greater overlap of the two exothermic processes, 

particularly at high H2O2 fractions. This finding indicates that there is a significant heat addition into the flow that comes from the 

decomposition process that cannot be neglected in the reactor analysis, and can contribute to low temperature ignition in these 

conditions.  
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Biomass offers a sustainable pathway to reduce reliance on fossil fuel and the associated emissions. However, direct biomass 

combustion faces operational challenges such as high moisture and ash-related fouling in combustion systems [1-3]. Torrefaction, on 

the other hand, enhances fuel handling properties and increases energy density, making it more suitable for large-scale applications [1]. 

While several studies have investigated torrefaction and co-firing with coal [4,5], limited attention has been given to the combustion 

and fouling behaviour of torrefied biomass blends in practical fixed-bed combustors. 

The purpose of this study is to provide foundational data to support the scaling of torrefied biomass fuels utilization in energy 

systems. The results showed that blending torrefied biomass improved combustion performance, but its benefits were strongly 

influenced by the air staging strategy. 

This work experimentally examines the combustion of raw and torrefied biomass blends in a fixed-bed combustor under air-staging 

conditions. The investigation focuses on the combustion temperature profiles, gaseous emissions, and fouling deposits from torrefied 

biomass blends (15% and 30% by volume) with raw biomass. Two secondary air positions (LI = 200 mm and LI = 300 mm) were tested. 

Primary air (Qp) was held constant at 140 L·minī1, while secondary-to-total air ratios (Qs/Qt) were 0.33, 0.50, 0.66, 0.71 and 0.75. The 

calculated bulk densities of the fuel blends and their corresponding test labels are provided in Table 1.  

 

Torrefied biomass 

blend ratio (%) 

Bulk density 

(kgĀmī3) 

Test condition label 

0 (raw biomass) 713.42 R Qs/Qt 

15 684.15 B 15% Qs/Qt 

30 659.30 B 30% Qs/Qt 

Table 1 Fuel bulk density for testing conditions 

 

Fouling deposits were collected using air-cooled probes designed to simulate heat exchanger conditions, samples were subsequently 

analysed using thermogravimetric analysis (TGA). Emissions (O2, CO, CO2, and NOx) were monitored with gas analysers, and 

temperature profiles were recorded with thermocouples along the combustor column.  

The results showed that blending torrefied biomass improved combustion performance, but its benefits were strongly influenced by 

the air staging strategy.  The shorter primary freeboard (LI = 200 mm) promoted more complete combustion, with higher peak bed and 

freeboard temperatures and a significant reduction in CO. However, this configuration also led to increased NOx emissions. In contrast, 

the longer primary freeboard (LI = 300 mm) improved ash reduction but exhibited unstable emission patterns and reduced thermal 

stability at higher blend ratios. Fouling data showed high variability, highlighting the need for continuous combustion systems to obtain 

more consistent measurements [6,7]. 

Overall, blending torrefied biomass improved combustion performance, but the air staging position was a critical factor in 

determining emission stability, fouling trends, and thermal performance. This study establishes baseline knowledge of air staging 

strategies for biomass combustion and the fouling behaviour of torrefied biomass blends, supporting their integration into renewable 

energy applications. Future work should focus on continuous-operation systems to improve fouling data reliability and to investigate a 

wider range of blend ratios. 

 
[1] Phanphanich, M. and S. Mani, Bioresource Technology, 102 (2) (2011) 1246ï1253. 

[2] Chen, D., et al., BioResources, 9 (2014). 

[3] Bach, Q.-V. and Ø. Skreiberg, Renewable and Sustainable Energy Reviews, 54 (2016) 665ï677. 
[4] Li, J., et al., Applied Energy, 99 (2012) 344ï354. 

[5] Han, J., et al., Fuel, 334 (2023) 126777. 

[6] Febrero, L., et al., Sustainability, 7 (5) (2015). 

[7] Elsebaie, A., M. Zhu, and Y.M. Al-Abdeli, Sustainability, 16 (2024). 
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The Modified Curlôs (MC) model [1,2] is a relatively-simple closure for the probability density function (pdf) model [3,4]. However, 

traditional implementations of the MC model also over-predict the kurtosis [7], resulting in a failure to predict relaxation to a Gaussian 

distribution in homogeneous turbulence [5]. A primary cause of this difficulty is identified to be the nature of the distribution 

used in the MC model: for those particles that mix, the amount of mixing is sampled from a uniform distribution. This 

results in a relatively-high mean amount of mixing per pair, resulting in fewer particles mixing each timestep. The approach 

proposed in this paper is to adjust the distribution used for mixing so that the likelihood of a pair mixing fully (as in Curlôs 

model [6]) is reduced. 

The MC closure for variable Y as it changes from timestep k to k+1 for each particle p that has a ñweightò (probability) Wp and is 

paired with particle q is described by: 

( ) ( )1 1,    
q pp p pq q p q q pq q p

k k k k k k k k

p q p q

W W
Y Y a Y Y Y Y a Y Y

W W W W
+ += + - = - -

+ +
    (1) 

The mixing amount is 0 ¢ apq ¢ 1, which is sampled from the pdf A(a); conventional MC (a uniform distribution) defines 

A(a) = 1. The number of particle pairs, N, (taken from the pool of n particles) is determined from the turbulent mixing 

frequency w (the frequency of decay of Yôs standard deviation), and is the nearest integer to [7]: 
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The different distributions A(a) that were tested are described in Table 1. The trapezoidal and triangular shapes have a 

constantly-decreasing probability as a increases, with the difference that the trapezoidal distribution has non-zero A(a=1). 

The distributions are tested for the Cabra methane flame [8]. Figure 1 shows that maintaining A(a) ² 0 for all a produces 

more realistic behaviour and reducing àað is superior, so the triangular distribution with amsax=1 is the best option tested. 

 

 

 

 

 

 
Table 1. Tested distributions with key parameters. The distributions are organised by increasing values of the pairing likelihood parameter, b. 

 
Figure 1. Scatter plots of temperature versus mixture fraction for the models in Table 1 and the Experiment [8]. The yellow lines indicate 

stoichiometry (vertical), chemical equilibrium (upper) and the frozen limit (lower). 

 

[1] C. Dopazo, Phys. Fluids 22 (1979) 20ï30. [2] J. Janicka, W. Kolbe, W. Kollmann, J. Non-Equilib. Thermodyn. 4(1) (1979) 47ï66. [3] S.B. Pope, 

Prog. Energy Combust. Sci. 11 (1985) 119ï192. [4] D.C. Haworth, Prog. Energy Combust. Sci. 36 (2010) 168ï259. [5] D.W. Meyer, P. Jenny, J. 

Comput. Phys. 228(4) (2009) 1275ï1293. [6] R. Curl, AIChE J. 9 (1963) 175. [7] S.B. Pope, Combust. Sci. Tech. 28(3&4) (1982) 131ï145.[8] R. 
Cabra, J.-Y. Chen, R.W. Dibble, A.N. Karpetis, R.S. Barlow, Combust. Flame 143 (2005) 491ï506.  

Model Uniform (MC)  Trapezoidal Uniform  Triangular  Triangular  

amax 1 1 2/3 1 1/2 

àað 1/2 2/5 1/3 1/3 1/6 

b 3 60/17 = 3.53 27/7 = 3.86 4 48/7 = 6.86 
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Hydrogen and methanol are promising renewable fuels that have been investigated extensively in an effort to reduce carbon 

dioxide (CO2) emissions from diesel engines. This study provides a direct comparison of dual fuel combustion of the two 

fuels in the same retrofitted 1-litre single-cylinder diesel engine, maintaining a high compression ratio of 17.4. The engine 

was operated at 1400 rpm with a total energy input of 2000 J with half of it supplied by hydrogen or methanol using a 

350-bar direct injector [1], and with fixed combustion phasing (CA50) at 10 °CA aTDC achieved by adjusting the 1000-

bar diesel direct injection timing [2,3]. The injection timing of both hydrogen and methanol was varied between 120 and 

0 °CA bTDC in the compression stroke to control hydrogen-air and methanol-air charge conditions. From the experiments, 

hydrogen-diesel and methanol-diesel dual direct injection engines were found to share the same combustion 

characteristics, indicating the pre-combustion mixture making affects the combustion of two fuels in the same way. For 

both fuels, variations in the injection timing resulted in three distinct combustion modes: premixed burn mode at early 

injection timings, partially premixed burn mode at intermediate timings, and diffusion burning mode at late timings. 

Maximum IMEP and thermal efficiency were observed for the partially premixed combustion mode of both fuels. 

However, the differences in the performance output were obvious. Compared to the diesel baseline, the premixed or 

partially premixed hydrogen-diesel burn showed consistently higher IMEP/efficiency due to gas compression and higher 

flame temperature. However, the methanol-diesel combustion showed lower IMEP/efficiency due to lower calorific value 

and thus lower flame temperature. Regarding the engine-out emissions, both hydrogen-diesel and methanol-diesel 

achieved reduced CO2 emissions compared to the diesel baseline; however, their significance was very different in that 

50% hydrogen direct injection achieved up to 58% decrease, while 50% methanol direct injection showed a limited success 

of only 7% reduction. The efficiency-NOx trade-off characteristic was evident for hydrogen-diesel combustion, which 

required the diffusion burning mode to keep the NOx at the same or lower level compared to the diesel baseline. By 

contrast, the lower flame temperature of methanol caused a positive result of lower NOx emissions at any selected injection 

timings. The hydrogen-diesel combustion achieved smoke and uHC/CO emissions below the detection limit of the 

analysers. The methanol-diesel combustion also achieved more than 50% smoke reduction from the diesel baseline; 

however, significantly increased HC/CO emissions remained an outstanding issue.  

[1] Kook S, Liu X, Edmonds B. Hydrogen-diesel direct injection dual-fuel system for internal combustion engines, Australian Patent Application 

No. 2022900118, 21 Jan 2022, International Application No. PCT/AU2023/050019, 27 Jul 2023. US Patent 12338777. 

[2] Zhao Y, Liu X, Kook S. Effect of three-hole nozzle orientations on sprays and combustion in methanol-diesel dual direct injection engines. 

Applied Thermal Engineering 2024;254:123953. https://doi.org/10.1016/j.applthermaleng.2024.123953. 

[3] Zhao Y, Chan QN, Kook S. Application of hydrogen single and split injection strategies in a direct-injection pilot-diesel ignition engine. 
Manuscript in Review in Applied Thermal Engineering, 2025. 

 

 

Figure 1. Effect of the hydrogen and methanol fuel type on in-cylinder pressure and apparent heat release rate (aHRR) across three identified 

typical combustion modes at 50% energy fraction. 
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Hydrogen (H2) is widely regarded as a promising alternative for the decarbonisation of the transportation sector, 

possessing several properties that make it well-suited for use in internal combustion engines. However, the performance 

of current H2-fuelled internal combustion engines is constrained by high burn rates and a tendency for abnormal 

combustion phenomena. In contrast, ammonia (NH3) exhibits the opposite combustion characteristics to H2, most notably 

a low laminar flame speed. This makes NH3 a potential candidate for managing the excessive burn rate of H2 engines, 

whilst retaining carbon-free operation. This study investigates the improvement in performance measured in a H2 engine 

when a portion of the fuel is substituted for NH3. A single-cylinder four-stroke engine was converted to spark ignition, 

and the fuel was fumigated into the intake manifold in the gaseous phase. A Kistler in-cylinder pressure transducer was 

installed in the combustion chamber to facilitate real-time pressure measurement, allowing calculation of indicated mean 

effective pressure (IMEP), thermal efficiency (ITE), and cycle-to-cycle variation, as well as monitoring of abnormal 

combustion phenomena such as engine knock. Baseline data was obtained by fuelling the engine with pure H2; using this 

fuel abnormal combustion limited the engine to a lambda (ɚ) of 1.6, resulting in a maximum IMEP of 5.91bar, as shown 

in Figure 1 (a). NH3 was then added progressively in 10% increments until stoichiometric combustion could be achieved. 

20% NH3 by volume allowed knock-free engine operation to be realised at stoichiometric conditions, where an IMEP of 

7.59bar was achieved. This represents a 29% increase over the maximum reached using pure H2. At a fixed total fuel 

energy and CA50, 20% NH3 was shown to extend combustion duration (CA90-CA10) relative to pure H2 by 15% at ɚ=3, 

increasing to 65% at ɚ=1.6. This is shown in Figure 1 (b). For all operating conditions, measured ITE was higher for a 

given ɚ as NH3 was added. Additionally, species of interest exhausted from the engine were measured using 

chemiluminescent method (NO) and Fourier Transform Infrared spectrometry (NO2, N2O, NH3). The concentration of all 

measured species is shown in Figure 2. Whilst NOx (NO + NO2) emissions increased significantly with 10% NH3 addition 

relative to the pure H2 case, minimal change was observed when a further 10% NH3 was added. Due to the lean combustion, 

NO2 generally constitutes a larger proportion of total NOx than in hydrocarbon combustion. At richer ɚ, increasing NH3 

fraction in the fuel led to less unburnt NH3 and N2O emissions, the latter of which is a significant greenhouse gas, and all 

nitrogen oxides emissions tend to decrease as the combustion approaches stoichiometric conditions. In summary, NH3 

addition significantly decreased the combustion rate of H2, which in turn facilitated combustion at richer ɚ and allowed 

higher engine load. Increased nitrogen oxides emissions were measured as NH3 was added, which could be mitigated by 

development of existing selective catalytic reduction systems. 

 

 
 

 

Figure 1. (a) Indicated mean effective pressure 

and (b) combustion duration (CA90-CA10) at 

1800rpm, 90kPa manifold pressure.  

 

(a) 

(b) 

Figure 2. Measured engine emissions at operating 

conditions in Figure 1: (a) NO (solid lines) and N2O (dotted 
lines); (b) NO2 (solid lines) and NH3 (dotted lines). 

 

(a) 

(b) 
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Hydrogen is a promising alternative fuel for decarbonising stationary gas turbines. However, its use in lean premixed 

combustion systems increases the risk of thermoacoustic instabilities [1-5], which are large amplitude pressure oscillations 

arising from the coupling between flame dynamics and acoustic waves. These instabilities can cause significant operational 

issues, often only detected during engine testing. This leads to costly redesigns and project delays. High-fidelity numerical 

simulations are therefore essential for predicting and mitigating such risks early in the design process.  

While numerous experimental [1-3] and numerical [4,5] studies have investigated the impact of hydrogen on 

thermoacoustic instabilities in laboratory-scale combustors, there remains a gap in addressing real combustor geometries 

and operational conditions. This work aims to bridge that gap by extending the validated numerical frameworks of Ho et 

al. [5] and Jella et al. [6] to a full-scale, dry low-emission gas turbine combustion system fuelled by hydrogen-enriched 

methane. The objective is to predict stability limits as hydrogen is incrementally added to the fuel.  

Large-Eddy Simulations are performed with a dynamic thickened flame model and flamelet-generated manifold to 

efficiently capture flame dynamics. The simulation framework transitions from Reynolds-Averaged Navier-Stokes to first- 

and second-order temporal implicit schemes, as proposed by Ho et al. [5], to avoid numerical instabilities. To ensure 

reliability, the framework is validated using Simcenter Star-CCM+ 2410 on the combustor geometry of  

Indlekofer et al. [1].  

A stable baseline case using pure methane (H000) is first validated against measured engine noise data. Hydrogen is 

then introduced in steps of 10, 15, and 25 vol.%, while maintaining the same adiabatic flame temperature and boundary 

conditions, to assess its effect on flame-acoustic interactions. Results show that the combustor remains acoustically stable 

up to 15 vol.% hydrogen, but at 25 vol.% hydrogen (H025) significant high-frequency dynamics (HFD) emerge, indicating 

the onset of thermoacoustic instability. Analysis of flame shapes reveals that at lower hydrogen concentrations (0, 10, and 

15 vol.%), the flame maintains a V-shape, intermittently anchoring in the outer recirculation zone (ORZ). At 25 vol.% 

hydrogen, the flame permanently anchors in the ORZ, adopting an M-shape that strongly couples with high-frequency 

acoustic modes, including a spinning mode at the fourth transversal combustor eigenfrequency. The permanent anchoring 

in the ORZ under the same boundary conditions is attributed to the higher flame speed and extinction strain rate of 

hydrogen compared to methane [7]. These findings suggest that the thermoacoustic stability threshold of this engine lies 

between 15 and 25 vol.% hydrogen, with the onset of instability closely associated with changes in the flame shape.  

 
[1] T. Indlekofer, B. Ahn, Y.H. Kwah, S. Wiseman, M. Mazur, J.R. Dawson, N.A. Worth, Comb. Flame 228 (2021) 375-87.  
[2] J. Zhang, A.Ranter, Int. J. Hydrog. Energy 44 (2019) 21324-21335.  
[3] E Æsøy, T Indlekofer, F Gant, A Cuquel, MR Bothien, JR Dawson, Comb. Flame 242 (2022) 112176.  
[4] P. Agostinelli, D. Laera, I. Chterev, I. Boxx, L. Gicquel, T. Poinsot, Comb. Flame 249 (2023) 112592.  
[5] J. Ho, S.Jella, M. Talei, G. Bourque, T. Indlekofer, J. Dawson, Comb. Flame 255 (2023) 112904.  
[6] S. Jella, M. Füri, V. Katsapis, J. Eng. for GT and Power 146 (10) (2024) 101010.   
[7] E. Hawkes, J. Chen, Comb. Flame 138 (3) (2004) 242-258.  

Fig .   2 :   Averaged  Heat  R elease  R ate indicator   HRR) in the  ( midplane and   instantaneous  
HRR   on  cross - sectio n   for  a  stable   0 ( H 00 )   and unstable case   (H025).   

Fig .   1  Pressure fluctuations  : over time for  pure  
methane and 25   vol . % H 2 - enriched methane .   
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Understanding the transient heat transfer of wall-impinging spray flames is essential for improving thermal efficiency in compression-

ignition (CI) engines. This study presents simultaneous measurements and analysis of radiative and convective heat transfer under 

engine-like conditions using a constant volume combustion chamber (CVCC). High-speed two-colour pyrometry and fast-response 

coaxial thermocouples captured flame temperature distributions and localized wall heat fluxes. Further details of the experimental setup 

are provided in [1]. A view-factorïbased radiation reconstruction is introduced to derive both spatially resolved and wall-averaged 

radiative heat fluxes from localized measurements, explicitly accounting for flame geometry and participating-media attenuation. The 

experimental conditions included variations in ambient gas density, temperature, fuel injection pressure and duration to evaluate their 

effects on convective and radiative heat transfer characteristics. Results revealed that convective heat transfer dominates the overall heat 

transfer between the flame to wall while radiation contributes 5 ï 11% of the total wall heat flux depending on operating conditions. 

 

Figure 1(a) compares the temporal evolution of radiative and convective heat transfer under the baseline condition, which increases 

rapidly during the injection event and peaking near the end of injection. By contrast, the radiative heat transfer remains approximately 

one order of magnitude lower, exhibiting a moderate increase and relatively steady profile. This distinct difference in behaviour indicates 

that while radiation contributes notably to wall heat flux, its role remains secondary compared to convection under the investigated 

engine-like conditions. Notably, the peak timing differs significantly between the convective and radiative heat fluxes; the convective 

heat flux peaks later, closely correlated with cumulative fuel injection effects, whereas the radiative heat flux peaks earlier, indicating 

its stronger dependence on instantaneous soot temperature distributions and flame radiation characteristics. Figure 1(b) summarizes the 

fraction of radiative heat transfer relative to the total heat transfer for different operating parameters. The radiative fraction ranges from 

5% to 11%, depending strongly on ambient gas density and injection duration. Higher radiative fractions are observed at increased 

ambient densities and longer injection durations, conditions featuring the formation and persistence of high-temperature soot regions. 

Conversely, higher injection pressure and temperature reduce the radiation fraction, indicating the predominance of convective 

processes under these conditions. The findings emphasize two crucial insights: first, radiation, although secondary to convection, cannot 

be neglected as its cumulative energy contribution remains significant under certain conditions; second, the fraction of radiative heat 

transfer is strongly influenced by combustion characteristics determined by ambient gas conditions and injection parameters, rather than 

by injected fuel mass alone. Thus, accurate prediction and modelling of total transient heat transfer in CI engines require 

comprehensively consideration of the transient, spatially resolved interactions between convective and radiative mechanisms. 
 

 
(a)                                                                          

(b)                                                  
Figure 1 The evolution and fraction of radiative and convective heat transfer under engine-like conditions. 

[1] Jiale Cao, Xinyi Zhou, Run Chen, Shiyan Li, Sanghoon Kook, Tie Li, Characteristics of the transient heat transfer of impinging 

flames and correlation analysis using a new characteristic velocity under CI engine-like conditions, Proceedings of the Combustion 

Institute, 40(2024)105356. 
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Scramjet combustor experiments in the X3/R dual-mode shock/expansion tunnel were conducted at Mach 8 flight-

equivalent hypersonic flow conditions. X3/R was configured in Reflected Shock Tunnel (RST) mode, capable of 

producing up to 15 milliseconds of stable hypersonic test flow [1]. The scramjet model was tested in ñsemi-freejetò mode, 

ingesting flow from the Mach 4 facility nozzle to simulate pre-compression by a forebody [2]. Using this technique, the 

overall length of the scramjet can be shortened and the subsequent combustion results are inlet-agnostic.  

Multiple combustion modes were observed via static wall-pressure measurements, including scram-mode, jet-wake-

anchored, dual-mode, and unstable unstart [2]. It should be noted that the modelôs isolator length was intentionally 

designed shorter than what is required for the transition to full subsonic flow, known as ñram-modeò. Unstart in a 

scramjet combustor is the disgorging of flow through the inlet as a result of increased back-pressure in the combustor. The 

feedback loop of an unstarting isolator with combustion back-pressure presents a more organic unstarting process than 

synthetic tests that typically use obstructions and mass-addition to produce unstart Figure 1a shows a position-time-

pressure (XTP) plot representing a typical combustion-induced scramjet unstart process. This shows the oscillatory 

nature of the pseudoshock position as a result of the feedback from dynamic combustion processes.  

One-dimensional models of steady-state combustion have been experimentally verified to predict the location 

of the separation feature in an isolator pseudoshock [3]. Early analysis of the experimental data shows good 

agreement with the predictive models for steady dual-mode fuelling tests. Taking this analysis further, for a given 

isolator length there must exist a back-pressure beyond which the pseudoshock is force to disgorge upstream. It is 

proposed that the determination of this critical back-pressure can be used as a predictive tool to forecast the onset 

of inlet unstart in a scramjet flowpath. Once this critical back-pressure is determined for a given combustor 

geometry, the direct observation of the pressure in the rear of the isolator can be used as real-time unstart detection 

mechanism.  

It is proposed that the direct observation of this single wall pressure measurement could be used as a valid 

predictor of inlet unstart events. Specifically, the real-time calculation of the rate of pressure rise, ὨὖὨὸϳ , allows 

for the future prediction of unstart at a future time when the pressure intersects the critical back pressure value. 

Experimental data shows this pressure rise to be somewhat linear, as shown in Fig 1b.  

 

 
[1] S. Stennett, D. Gildfind, A. Andrianatos, R. Morgan, P. Jacobs, C. James, P. Toniato, W. Chan and T. Silvester, Exp. in Fluids. 65 (16) (2024).  

[2] M.A. Trudgian, W. Landsberg, R. Morgan, A. Veeraragavan, D.R. Smith, D.R. Curran, S.J. Stennett, K. Heintze and W. Chan, AIAA Aviation 

Forum. (2025) p. 3048.  

[3] M.K. Smart, AIAA Journal. 53 (12) (2015) 3577ï3588.

Figure 1. Left: a position-time-pressure (XTP) plot of a scramjet unstart. Right: Aft-isolator pressure measurements exceeding a critical 
back-pressure immediately prior to unstart. 

mailto:m.trudgian@uq.edu.au


Proceedings of the Australian Combustion Symposium  
December 1 -4, 2025, Brisbane, Queensland  

 

54 



Proceedings of the Australian Combustion Symposium  
December 1 -4, 2025, Brisbane, Queensland  

 

55 

 

Numerical simulations of laser-ignited hydrogen jets using 

gaseous Lagrangian particle tracking method 
Shiliu Wang1, Shijie Xu1,*, Guanxiong Zhai2, Kar Mun Pang3 and Qing Nian Chan2 

1Key Lab of Education Ministry for Power Machinery and Engineering, School of Mechanical Engineering, Shanghai 

Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China 
2School of Mechanical and Manufacturing Engineering, The University of New South Wales, Sydney, Australia 

3Everllence, Teglholmsgade 41, 2450 Copenhagen SV, Denmark 

*  Corresponding author, Email: shijie.xu@sjtu.edu.cn 
 

Keywords : Hydrogen combustion, flame stabilization, direct injection, gaseous Lagrangian particle tracking 
Direct utilization of boil-off gas (BOG) in heavy-duty compression-ignition (CI) dual-fuel engines is a promising pathway to 

improving fuel economy and reducing greenhouse-gas emissions. Under CI-relevant conditions, autoigniting hydrogen jets exhibit 

upstream flame recession before the end of injection, with recession speed (å40 m/s) and lift-off length sensitive to ambient O2 and 

temperature [1,2]. Several hypotheses have been proposed to explain these characteristics, e.g., flame propagation along the thin shear 

layer between the jet and surrounding air [3], sequential auto-ignition via recirculation [4]. This study aims to assess the mechanisms 

governing hydrogen jet flame recession and NOx formation based on numerical simulations of laser-ignited hydrogen jets in a constant-

volume combustion chamber. The gaseous Lagrangian particle tracking (LPT) method is employed to characterize the evolution of 

under-expanded hydrogen jets near the nozzle. The high-pressure hydrogen is treated as discrete gaseous particles in the jet core region, 

interacting with ambient gases via momentum and energy exchange. Upon reaching the end of the core region, the particles are converted 

into Eulerian gaseous phase, which is then solved together with the surrounding flow. The simulations are performed in OpenFOAM, 

coupled with a detailed hydrogen/air and NOx formation mechanism consisting of 15 species and 94 reactions. The injection pressure 

(11.6 MPa) and ambient conditions (800 K, 4.5 MPa, oxygen concentration of 21%, 15% and 0%) are set to mimic the top-dead-centre 

in-cylinder condition of a CI engine. The gaseous LPT improves computational efficiency, enabling prediction and comparative analysis 

of flame structure, flame dynamics, and pollutant formation pathways under different operating conditions. 

 
Figure 1. (a) Local heat release rate contour of the triple flame front in the snapshot at t ὸ=3.5 ms, (b) radial distributions of 

temperature, mass fractions of OH, H2 and H2O relative to the green dashed line, i.e., ὼ=58 mm, in (a). 

The results indicate that at approximately 40 mm downstream of the nozzle, the hydrogen jet enters a mixing-dominated, self-

similar region. In this region, predictions of non-reacting hydrogen penetration, velocity, temperature, and species mass fraction in 

shock-captured method and the gaseous LPT method show excellent agreement, confirming that the gaseous LPT approach is promising 

of replicating far-field mixing. In the reacting cases, a 90 mJ laser pulse in induced at 2.08 ms to ignite the hydrogen-air mixture in the 

central line at 70 mm downstream the nozzle. The flame is initiated at the laser point and propagates upstream. The flame recession is 

well captured using the current setup. In both the 21% and 15% oxygen cases, the hydrogen flame exhibits a typical triple-flame 

structure, comprising a rich premixed zone (RPZ), a stoichiometric mixing zone (SMZ), and a lean premixed zone (LPZ). Smooth 

transitions of the heat-release-rate contours (Figure 1) among the three branches suggest quasi-steady flame propagation. The radial 

profiles of key parameters, i.e., temperature and species mass fractions, further demonstrate that triple-flame stability is sustained by 

the close spatial coupling of OH radical concentration, temperature, and heat-release rate, with the RPZ contributing most strongly due 

to its highest heat release. Reducing the oxygen concentration markedly increases the flame lift-off height and retards flame recession 

speed. Reaction pathway analysis reveals that NO formation is dominated by the NNH-related reactions in the high-temperature reaction 

zone (>2000 K), with the N2O pathway making a secondary contribution downstream. The coincidence of OH radicals and high-

temperature zones further accelerates NO production. Specifically, the NNH pathway peaks at the flame front, while N2O is mainly 

formed in oxygen-lean, lower-temperature regions and subsequently converted to NO further downstream. In the post-flame regions, 

the thermal Zelôdovich mechanism remains the primary source of NO. As the flame stabilizes, NO concentration increases steadily until 

reaching a quasi-steady state. 
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Carbon black is the largest nanomaterial produced industrially today, primarily through the combustion of residual fuel oil. Carbon 

black nanoparticles are used in inks, tires, and paints, contributing to a $16 billion industry worldwide. In contrast, soot has long 

been at the forefront of research due to its adverse health effects and negative impact on the environment and Earthôs albedo. So, 

research on combustion chemistry and a more systematic understanding of carbon-based nanoparticle formation is crucial not only for 

better product design but also for the development of cleaner combustion technologies [1]. The complexity in modell ing carbonaceous 

nanoparticle formation, remains a significant challenge. Soot nucleation and surface growth largely affect particle size distribution, 

and chemical composition, which are critical for determining end-product properties and meeting emission regulations. 
 

Here, chemical nucleation and surface growth of carbonaceous nanoparticles are investigated during pyrolysis of acetylene by 

reactive molecular dynamics at high pressure at temperature of 1350-1800 K for various initial fuel concentrations. The mass increase 

of soot nanoparticles, having initial diameter of 3 ï 4.5 nm, is tracked as a function of time during surface condensation of reactive 

hydrocarbon molecules and radicals produced by acetylene pyrolysis (Figure 1). Soot growth accelerates with increasing initial 

acetylene concentration and flame temperature. This temporal evolution of the soot mass growth allows for the direct derivation of 

a ñlumpedò surface growth rate constant, based on the hydrogen-abstraction acetylene addition (HACA) reaction model [2], however, 

without relying on explicit information or assumptions about the soot surface reactivity. 
 

A surface growth rate equation is derived ñab initioò by MD simulations that follows an Arrhenius dependence with process 
temperature: 

ÌÎὯ ȟ σȢωτφ
ςπρχȢσ

Ὕ
 

 

This  MD-derived  ñeffectiveò  rate constant implicitly accounts for the soot surface 

reactivity eliminating the need to assume or specify  the number density of reactive sites 

and the fraction of active sites. Equation (1) is employed into a monodisperse particle 

dynamics model [3] accounting for surface growth and coagulation. The MD-obtained 

surface growth rate constant nicely predicts soot volume fraction measurements in various 

burners, yielding improved predictions over 

the HACA growth rate (Figure 2). 
 

The proposed methodology, when 

combined with MD-derived nucleation rates, 

can greatly simplify soot modelling by 

lumping surface and gas-phase reactions into 

a single effective rate constant. This approach 

can be readily applied to material synthesis, 

enabling the determination of surface reaction 

rates of carbon blacks as well  as a range of 

inorganic nanomaterials (metals, oxides, 

composites, etc.). 
 
 

[1] K. Kohse-Höinghaus, Proc. Combust. Inst. 38 (1) (2021) 1-56. 

[2] M. Frenklach, H. Wang, Symp. Combust. Proc. 23 (1) (1991)1559-66. 
[3] M.R. Kholghy, G.A. Kelesidis, and S.E. Pratsinis, Phys. Chem. Chem. Phys. 20(16) (2018) 10926-10938. 

 

Figure 1.   Snapshots   of   soot 

nanoparticle formed by 
nucleation and surface growth at 
1500 K with initial acetylene 
concentration of 0.1 g/cm3  

Figure 2. Soot volume fraction, fv, as a 

function of residence time obtained by a 

monodisperse particle dynamics model 

using MD-obtained (eq. 1; solid line) and 

HACA surface growth rate (broken line). 

The model is compared to fv measurements 

at various burners (symbols). 
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Biomethane, purified from biogas, is a promising carbon-neutral alternative to natural gas [1]. However, impurities 

such as siloxane, formed due to the anaerobic digestion of siloxane-containing feedstock, can still be present in 

biomethane. During biomethane combustion, these siloxane impurities decompose to form silica nanoparticles. These 

particles would deposit through thermophoresis and cause significant negative effects for end-use appliances, such as 

fouling, deactivation of key sensors, and overheating [2-3]. To minimise these adverse impacts, a thorough understanding 

of the parameters affecting silica nanoparticle deposition is required.  

A novel experimental setup is designed and built to investigate silica deposition on relatively cold surfaces under a 

range of operating conditions. The setup consists of a fuelling system, a burner, and an exhaust system. The fuelling system 

forms a premixture of siloxane, natural gas, and air. It uses a novel syringe pump-nebuliser-vapour chamber system to 

inject liquid siloxane as an aerosol. The chamber is wrapped in heat tape and set at temperatures above the siloxane boiling 

point to vaporise the aerosol. The burner has a transparent observation window and an internally water-cooled, height-

adjustable sample probe. The exhaust system includes a HEPA filter and an inline fan to contain the excess silica particles.   

To verify the siloxane concentration, gas samples of the combustion mixture are captured with sorbent tubes and 

analysed with gas chromatography-mass spectrometry (GC-MS) in accordance with ASTM D8230-19 [4]. The experiment 

test cases include two siloxane concentrations: 232 and 930 mg Si/m3, using L2 siloxane, height above burner (HAB) of 

20cm, and at stoichiometric conditions. Each case is run for 1, 3, 6, and 9 hours with a new sample probe after each run. 

Post-experiments, silica deposition on the probe is analysed via mass measurements, cross-sectional images with a high 

magnification camera, and particle morphology images with scanning electron microscopy (SEM).  

SEM and high-magnification camera illustrate a highly porous silica deposit of thickness approximately 260 ɛm, after 

3 hours of deposition at HAB=20cm with siloxane concentration of 930 mg Si/m3 [Fig. 1]. Figure 2 shows the deposition 

layer thickness extracted based on cross-sectional images [e.g., Fig. 1(b)], as a function of deposition time. Results indicate 

increasing thickness with experiment duration and siloxane concentration. Overall, the experiment, sampling, and 

measurement methods provide a process to quantify silica nanoparticle deposition based on various experimental 

parameters. This approach enables a comprehensive study of silica nanoparticle behaviour during the deposition process.  

 
(a) 

 
(b) 

 

Figure 1. Imaging results for 930 mg Si/m3 L2 after 3 hours duration at HAB=20cm and 
stoichiometric conditions. (a) Scanning electron microscopy (SEM) image. (b) Cross-

sectional image from high-magnification camera. 

Figure 2. Layer thickness variation for L2 siloxane 
at HAB=20cm for concentrations of 232 and 930 mg 

Si/m3. 
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Biomethane has a significant potential to decarbonise the gas network as a renewable alternative to natural gas. 

Biomethane is purified from biogas, yet impurities such as volatile methyl siloxanes (VMSs) may still exist even after 

purification [1ï3]. During combustion, these VMSs transform into solid-phase silica nanoparticles (SNPs) and 

thermophoretically deposit on relatively colder surfaces in gas-fired appliances, resulting in premature appliance failures, 

higher emission levels, and performance degradation [4, 5]. A thorough understanding of the parameters governing SNP 

deposition is essential for developing appropriate mitigation strategies. This study, therefore, aims to numerically model 

both SNP formation and deposition during biomethane combustion to understand the key parameters governing particle 

deposition across low and high VMS concentration ([VMS]) levels. 

SNP formation and deposition are modelled using CONVERGE CFD [6]. The simulations are performed for a burner 

developed at the University of Melbourne to replicate the conditions of domestic gas-fired appliances. SNP formation is 

simulated using population balance modelling, accounting for SNP growth by nucleation, coagulation by coalescence, and 

surface growth. Particle deposition is modelled using thermophoretic deposition principles. A total of four cases is 

modelled based on different [VMS] levels, deposition surface temperatures (Ὕ ), and various heights above the burner 

(HAB) locations. The simulated cases ([VMS], Ὕ , HAB) include: 1) Case 1 (56.3 mg Si/m3, 338 K, 20 cm), 2) Case 2 

(56.3 mg Si/m3, 1100 K, 20 cm), 3) Case 3 (56.3 mg Si/m3, 1100 K, 2.5 cm), and 4) Case 4 (0.45 mg Si/m3, 1100 K, 2.5 

cm). Data along the first cell nodes adjacent to the modular probe length (Ὠ) (  ) [Fig. 1(a)] of the deposition medium are 

extracted and post-processed using the Random Forest regression model to quantify the contribution of different key 

parameters on SNP deposition. This model utilises 10,000 decision trees for improved accuracy, and a deterministic 

algorithm, with the random seed fixed at 500 to ensure reproducibility of the results. 

Particle mass (ά ), number concentration (ὔ ), and thermophoretic velocity (ὺ ) are found as the key parameters 

governing SNP deposition in appliances. The results show that the particle ὺ  is generally decreased when the deposition 

surface temperature is increased [Fig. 1(b)]. A strong correlation between ὺ  and temperature gradient is found. The 

results are benchmarked against Case 1 to investigate the individual contributions of these parameters to the overall SNP 

deposition process. In all cases, ὔ  is identified as the dominant parameter governing SNP deposition, followed by ὺ , 

and ά  [Fig. 1(c)]. This trend persists regardless of HAB location and Ὕ . The above indicates that the temperature 

gradient has a lower importance compared with particle-related properties, which has important implications for modelling 

and developing mitigation strategies. 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1. (a) Schematic of the experimental setup showing the relatively colder water-cooled probe (WCP) and SNP distribution/deposition within the 

burner enclosed by the glass pipe (GP), (b) ὺ  variation for Cases 1 and 2, and 3) contribution of ά , ὔ , and ὺ  on SNP deposition. Here, Ὠ denotes 

the 36 mm modular WCP length, which was detached post-experiments to analyse SNP deposition layer characteristics. 
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Soot formation in combustion processes continues to pose challenges for both environmental sustainability and human health. While 

soot surface growth, coagulation, and oxidation are relatively well characterized, the initial nucleation step remains highly uncertain 

due to the difficulty of directly probing incipient particles in flames. Even though polycyclic aromatic hydrocarbons (PAHs) are believed 

to be the main contributors driving nucleation, the mechanism governing the transition from gas-phase PAHs to solid nuclei is still 

unclear. Moreover, PAH-based nucleation models rely on detailed gas-phase mechanisms involving numerous species and reactions, 

making them computationally expensive and impractical for real-world applications. Semi-empirical C2H2-based models [1] often fail 

to generalize at combustion conductions beyond the range for which they were developed. To address these limitations, this study 

derives an easy-to-use ñlumpedò nucleation rate of incipient soot nanoparticles formed during acetylene pyrolysis using reactive 

molecular dynamics (MD) simulations. This strategy has already been successfully applied to describe carbonaceous nanoparticle 

formation during n-heptane pyrolysis at high temperature, [2]. Here, MD was employed to investigate soot nucleation during acetylene 

pyrolysis over a flame-relevant temperature range (1200-1800 K) and at different acetylene concentrations, with the nucleation rate 

obtained by tracking the formation of clusters over time. The resulting rate was expressed as a function of acetylene concentration, a 

key intermediate in hydrocarbon combustion. This ñlumpedò formulation captures all pathways to nucleation without explicitly tracking 

intermediates or assuming specific PAH precursors. 

To benchmark the proposed MD-derived nucleation model, a hierarchical framework was employed in which gas-phase chemistry 

was first solved using one-dimensional CHEMKIN-Pro simulations of a methane nucleation flame (ű = 1.95) [3]. The resulting 

temperature and species concentration profiles, together with the MD-derived nucleation rate, were used as inputs to a monodisperse 

particle dynamics model describing nucleation, surface growth, and coagulation.  

Figure 1 shows the nucleation rate as a function of the initial acetylene 

concentration, as obtained from MD simulations during isothermal 

acetylene pyrolysis. The nucleation rate, JMD, exhibits a strong dependence 

on the initial acetylene concentration, with an apparent reaction order of 

3.5, and minor dependence on temperature in the range of 1200-1800 K, 

corresponding to an average nucleation rate constant, kMD, of 1.299Ā1032 
 Ȣ

Ͻ
 : 

 

ὐ
Π

ά ί
ρȢςωωϽρπ ὅὌ Ȣ (1) 

 

The MD-derived nucleation rate (eq. 1) was evaluated in a nucleation 

flame (• = 1.95). Figure 2 shows the soot volume fraction predicted using 

the MD-derived rate (Eq. 1, solid line), the semi-empirical Moss-Brookes 

nucleation rate (broken line [1]), and experimental measurements 

(symbols [3]). The semi-empirical Moss-Brookes model significantly 

overpredicts soot levels by nearly three orders of magnitude. In contrast, 

the MD-informed particle dynamics model predicts a soot volume fraction 

of ~0.8 ppt at 5 cm above the burner, consistent with experimental values 

of 0.01-0.14 ppt across 1-4.5 cm, thereby validating the proposed 

nucleation rate under nucleation-dominant flame conditions. 

The lumped soot nucleation rate obtained by reactive MD nicely 

predicts the experimental soot volume fraction, when incorporated into 

a particle dynamics framework, without requiring full resolution of the 

detailed chemical pathways. The proposed hierarchical modelling 

offers a practical alternative to semi-empirical or detailed kinetic 

models, supporting the design of cleaner combustion technologies.  
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Figure 8. Nucleation rate, JMD, of incipient soot nanoparticles 

Figure 9. Soot volume fraction, fv, as a function of HAB 
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In recent years, the University of New South Wales (UNSW) has produced high quality optical data of dual fuel spray 

combustion in a constant volume combustion chamber (CVCC) [1]. The present numerical work utilizes the diesel-

methane dataset to develop and validate a computational fluid dynamics (CFD) model of the experimental setup. The CFD 

model incorporates large eddy simulation (LES) turbulence modelling with adaptive meshing, detailed chemistry and the 

addition of a phenomenological two equation soot model. The CFD model is benchmarked using the experimental data 

collected at a chamber temperature of 890 K and a chamber pressure of 52 bar. Quantitatively, the model replicates the 

fuel vapour penetration and apparent heat release rate of the experiments reasonably, although an overprediction of AHRR 

during pilot combustion is observed. Moreover, the spatial soot distribution matches the occurrence of observed 

luminescence within the CVCC qualitatively. The model is subsequently used to study the impact of dwell time between 

the pilot injection of diesel and the main injection of methane on the formation and oxidation of soot from the pilot fuel 

jet. Four dwell timings are investigated, representing a range of nominal electronic delays investigated experimentally. 

These are simultaneous injection (i.e. no delay), as well as 1, 2, and 3 ms relative to the pilot fuel injection. It is concluded 

that delaying the main fuel injection event by more than two milliseconds allows for complete oxidation of the soot 

produced from the pilot fuel combustion. This suggests that the consequent luminescence from the optical diagnostics 

originates from the main methane fuel combustion.  

   

   

    

 

 

 

 

 

 

 

 

  

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

[1] Zhai, G., Rorimpandey, P., Pang, K. M., Kook, S., Yeoh, G. H., & Chan, Q. N., (2025).  Fuel, 399, 135613.  

 

Figure 10: 2D slices from the present CFD model (Left and Right) showing spatial 

distribution of soot and temperature field compared to the Schlieren imaging side view of 

the experiment from CVCC at the UNSW (Centre). The luminous part of the Schlieren 

image correlates well with the occurrence of high temperature soot in the model. 
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This study investigated the effect of tunnel longitudinal ventilation velocity on the actual fire heat release rate (HRR) in 

a reduced scale (1:23) tunnel under a constant fuel supply. Tunnel cross-section geometry and airflow velocity affect flame behaviour, and in 

consequence, the heat release rate (HRR, ὗ , which is a crucial parameter in the quantification of fire hazards [1] and the theoretical is defined as: 

ὗ …ῳὌά   (1) 

where ɢ is the combustion efficiency, ȹHc is the heat of combustion and ά  is the fuel mass rate. Experiments were carried out for a fixed n-

propane supply of 10ï26 L min ĭ, and longitudinal ventilation velocities of 0.2ï1.0 m/s. These values correspond to 37~97 

MW of HRR and 1 - 5 m/s of velocity by using fire scaling laws, respectively [2]. Measurements confirmed the dependency 

of fire behavior on the change in ventilation velocities, with combustion efficiency changing from 0.63 in low velocity 

and the smallest fuel influx to 0.8 at maximum velocity and the largest fuel influx. The values measured in the ventilated 

model tunnel were lower than those measured in a free-burning gas burner. At the highest ventilation conditions, HRR 

tends to a free-burning value. 

As ventilation velocity increases, the CO2 concentration in the exhaust gases increases, while relative soot production 

decreases. This indicates that the ventilation affects the combustion efficiency of the model fire towards a more complete 

combustion regime. Significant differences are observed when the HRR is scaled up to the full scale, which is highlighted 

in Figure 1.  

 

 
Fig. 1. Heat release rate variations at different tunnel ventilation velocities 

 
The observed drop in combustion efficiency in model-scale and low-velocity airflows may be a consequence of the incompatibility of the fire scaling approach. Whereas the 

buoyancy-driven flow dynamics may follow Froude-based scaling, the consequential impact on the combustion process throws doubt on the basic assumption of ὗͯ ὰ
υȾς

. 

Differences between assumed and achieved HRR reaching up to 10.84 kW in small scale correspond to 27.49 MW in full 

scale. The work reveals the importance of tunnel longitudinal ventilation on fire HRR and a potential source of significant 

uncertainty in extrapolating the small-scale tunnel fire tests. 
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In Australia, outdoor timber structures, such as utility poles and fencing, are commonly treated with chromated copper 

arsenate (CCA) to enhance durability against fungal and insect damage [1]. While CCA effectively prevents 

biodegradation and extends timber service life, it also poses a significant fire safety concern [2]. Recent studies suggest 

that prolonged self-sustained smouldering is more critical in CCA-treated wood post-fire damage scenarios [3]. The 

identification of additive compounds capable of mitigating the smouldering behaviour associated with CCA treatment is 

essential to improve the fire performance of treated timber. These smouldering inhibitors must be non-leachable (e.g. using 

water repellents), should not affect the durability of the timber and must not compromise the flaming combustion. Based 

on the results from a literature review and from our previous work using thermogravimetric analysis [4], we have identified 

diammonium phosphate (DAP), boric acid (BA) and Chlorinated paraffin wax (CPW) as smouldering inhibitors. Silicone 

oil (SO) has the potential to act as a water repellent agent without compromising the combustion behaviour. Because these 

additives should not affect the flaming behaviour, this work aims to assess the flaming behaviour of CCA-treated wood 

with these species using cone calorimeter tests under a heat flux of 20 kW/mĮ, measuring time to ignition (TTI), peak heat 

release rate (HRRP), and total heat release (THR) over 30 minutes. Radiata pine timber blocks measuring 100 mm × 100 

mm × 23 mm with a density range of 530 to 550 kg/m3 were initially treated with CCA under a vacuum impregnation 

process. Subsequently, the treatment with DAP, BA, CPW, and SO was conducted under the same conditions. The samples 

were subsequently conditioned at 23 ÁC and 50% relative humidity for a duration of two weeks, achieving an equilibrium 

moisture content of 9.5%. Cone calorimetry results are presented in Table 1, based on the findings from three replicates. 

All smouldering inhibitors improved flaming performance (i.e., increased TTI and reduced HRRP). Among them, DAP 

yielded the most notable enhancement, underscoring its potential as a highly effective additive. In contrast, BA and CPW 

provided moderate efficacy. Moreover, SO, employed as a water-repellent agent, had no measurable impact on the flaming 

behaviour. 

 
Table 1: Cone calorimetry results of CCA-treated wood with potential smouldering inhibitor additives. Untreated wood and CCA-treated wood 

without additives were used as controls. 

Treatment  TTI (s)  HRRP (kW/m2) THR (MJ/m 2) 

Untreated wood 108 122.1 15.15 

CCA 0.53 wt%  109 128.2 14.92 

CCA+DAP 3 wt%  573 62.7 7.98  

CCA+BA 4.5 wt%  155 84.5 11.19  

CCA+SO 5 wt%  105 121.8 17.24 

CCA+CPW 19 wt%  160 113.2 14.71 
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Lithium-ion (Li-ion) battery technology is continually experiencing rapid global growth via the increased demands for energy 

storage, system connectivity, and the proliferation of battery-powered devices/vehicles, such as e-mobility devices and EV vehicles. 

However, with rapid growth comes increased risks, especially combustion hazards. Li-ion batteries have the potential to undergo thermal 

runaway [1]. ñThermal runawayò is a term that refers to the exothermic chemical process which increases battery temperature that in 

turns increases the chemical process, causing a positive feedback loop typically ending in dramatic thermal failure of the battery. This 

can result in intense fire events, rapid increase in pressure, explosions of batteries, high velocity jet flames, and potential production of 

explosive mixture of gases [2] that is challenging to address within our current firefighting/suppression abilities. There are many studies 

in the scientific literature to understand the burning characteristics of li-ion batteries, but the reliability and consistency of these 

measurements can vary significantly across studies. This is due to the inherent noise in data and unpredictability in the behaviour of 

such thermal event, requiring the need to a framework to contextualise the results of battery testing with the physical processes occurring 

during thermal runaway. 

This following study compares the thermal events across various SOCs, allowing for the distinction of scenario types that describe 

that specific thermal event. This framework is used to compare results including cell temperature rise, energy releases, mass loss, and 

the chemical composition of solid ejecta. The experimental methodology and energy releases calculations were developed by Quintiere 

[3], and the chemical composition of solid ejecta was conducted using ICP-OES. Li-ion 18650 cells without its plastic covers are used 

for this study. Five different states of charges (SOCs) were considered for this study: 100, 80, 60, 40, and 30 % and five trials were 

conducted for each SOC. Figure 1 shows a compilation of a still taken about one second after the start of the thermal runaway for the 

experiments conducted in this series of experiments showing the stark differences in thermal runaway behaviours between SOCs. This 

framework not only aids in interpreting the noisy data typical of battery fires but also provides an understanding of how battery fires 

behave by linking the experimental results to the scenario types. 

 

 
 

Figure 1. Compilation of the different types of thermal events 
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Bushfires (or wildfires as they are called in many parts of the world) are an important ecological process and a potential 

devastating threat to people, infrastructure and the environment. Bushfires are increasing in intensity and frequency, 

resulting in greater areas burnt, longer fire seasons, and fires occurring in regions not historically fire prone. Water has 

long been the primary tool of firefighters to combat fire. Despite the advances in firefighting technologies and use of 

advanced combustion inhibiting or suppressant enhancing chemicals, water remains the cheapest, most readily available 

and ecologically-sound fire suppressant [1]. However, very little information is available on the general effectiveness of 

water as a suppressant of bushfires or the factors that influence its effectiveness. As we move to an era of increased demand 

for cost-effectiveness, the need to be more efficient in the use of water in bushfire firefighting, particularly during periods 

of extended landscape drought, will become more important.  

This article reports on a series of experiments conducted in the controlled and repeatable conditions of a large combustion 

wind tunnel to quantify the amount of water required to stop fires spreading in different fuel loads under a standard set of 

conditions. The method is derived from that used previously to conduct comparative tests of water additives and other 

suppressants [1] and comparative tests of long-term flame retardants [2] in which the extinguishment performance of the 

chemicals under study were benchmarked under constant experimental burning conditions against that of water. While 

these studies provided a ranking of effectiveness, useful for operational decisions regarding selection of firefighting 

chemicals, it did not quantify their absolute effectiveness. To redress this, this study was undertaken to quantify the 

effectiveness of water as a function of the amount of available fuel and thus different fireline intensities and rates of spread. 

The CSIRO Pyrotron combustion wind tunnel [3], located in the CSIRO National Bushfire Behaviour Research Laboratory 

in Canberra, is designed to allow the safe and repeatable study of free-burning fires spreading through natural bushfire 

fuels. The 7.2-m-long, 4-m2-cross-section working section provides for a fuel bed 1.5 m wide and up to 7 m long. A large 

centrifugal fan generates air speeds up to 5 m s-1. For these experiments, the air speed was 1.0 m s-1 and a fuel bed consisting 

of dry eucalypt forest litter sourced locally was constructed 1.5 m wide by 3.5 m long at four available fuel loads ranging 

from 0.75 to 1.5 kg m-1 and five replicates of each. A bespoke suppressant application system [1] sprayed water at a known 

rate over an area approximately 1.5 m × 0.5 m deep. The spray was activated manually when the fire reached 2.7 m from 

ignition with the objective of stopping head fire spread. The spray was re-applied as needed to ensure spread was stopped. 

The total mass of water was recorded and compared against various metrics of fire behaviour for each fuel load (Fig. 1).  

 
Figure 1. Mass of water required to extinguish active fire spread by (a) rate of spread and (b) fireline intensity 

A clear but not unexpected relationship was found between the amount of fuel consumed and the amount of water required 

to stop the spread of a fire in that fuel. Average amounts of water required were 83 g, 129 g, 201 g, and 226 g for 0.75, 

1.0, 1.25 and 1.5 kg m-1 fuel loads respectively. This highlights one of the benefits of fuel management actions such as 

hazard reduction burning to reduce fuel loads in bushland in that suppression is demonstrably less difficult. 
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[2] M.P. Plucinski, A.L. Sullivan, Fire Safety J. 143 (2024) 104056. 
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The ignition of solid fuels is a problem that incorporates the process of pyrolysis and subsequently the ignition of flammable gases 

in the presence of a pilot. The theory commonly used to characterize solid ignition is largely based on constant radiant heating. However, 

in many applications, such as bushfire exposures, solids experience transient heating conditions. The following investigates the ignition 

behavior of bushfire rated door materials under a range of transient heat flux exposure conditions. Material driven variables such as 

thermal inertia, combustibility of outer layers, moisture content (MC%) and many others can also impact the likelihood of ignition 

One such instance of the complex interaction between fire and the ignition of materials is the radiative element of a bushfire attack 

upon building materials. Bushfires design curves are difficult to quantify, as a range of parameters such as vegetation type, slope and 

weather can impact how severe a bushfire becomes [1]. AS1530.8.1 provides a testing curve, which dictates a two-minute exposure at 

a dictated Bushfire Attack Level (BAL) heat flux, before reducing over a nine-minute period [2]. The standard also dictates material 

properties such as moisture content. A range of design curves have been proposed to represent bushfire attack, where the duration of 

exposure and slope growth differ. 

In this experimental campaign, a Fire Propagation Apparatus (FPA) was utilised to quantify TTI for 100 x 100 mm BAL29 door 

samples. The samples were used to understand the effect of changing the surface finish, moisture content of the door and the influence 

of different exposure curves. The surface finishes tested were the proprietary finish on the door as bought, the influence of painting the 

door with a typical black exterior paint and the effect of sanding off the finish to expose the underlying MDF. The MC% tested were 

until oven dried or steady state with the lab. Through the FPAs ramping ability, the curves within AS1530.8.1 were tested, as well as a 

reversal of the curves and a longer duration curve. Heat Release Rate (HRR) and Mass Loss Data (MLR) was obtained for further 

analysis. Ignition was defined simply as the first observation of sustained flaming on the surface of the material. 

A subset of ignition results is provided in Figure 1. Samples with the propriety finish did not ignite for any exposure. Conversely, 

samples that were painted black did ignite and, in some exposures, the sanded MDF samples also ignited. These results provide evidence 

that the outer boundary layer does impact ignition time, likely due to the critical heat flux (CHF) and thermal inertia of the boundary 

material. The results also provide evidence that the heat dose the material is exposed to impacts the TTI. A slower growing exposure 

provides time for a larger volume of moisture loss, leading to a lower heat sink as the exposure grows to the CHF. This leads to earlier 

pyrolysis gas formation and subsequent ignition. In a similar fashion, samples that were oven dried generally ignited earlier and the 

difference was less pronounced for longer exposures. Variables such as paint finishes, MC% and differing exposures can be indicative 

of the final use of a building. By gaining a preliminary understanding of how materials behave when deviated from standard conditions, 

designers can be provided another level of understanding for fire risk assessment. 

 

Figure 1. Summary of TTI for differing exposures and variables. 
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The process of opposed flow flame spread over solid fuels is a quintessential problem in fire safety science; flame spread 

captures many complex, interconnected phenomena including pyrolysis of solid fuel, diffusion/mixing of pyrolyzates in 

the gas phase, heat transfer to the solid ahead of the flame front, and the kinetics of gas-phase oxidation in the flame itself 

[1]. Increased complexity in describing the flame spread process is introduced by the intrinsic coupling of gas-phase and 

solid-phase processes. Given this inherent complexity, flame spread experiments have been largely limited to 

measurements in the solid for decades. Various studies focusing on the solidphase have yielded significant insight into the 

process of opposed flow flame spread. Such studies provided the basis on which specific controlling mechanisms of flame 

spread were identified [1]. The capabilities of such experiments limited analytical models for flame spread to thermal 

models by which the heat transfer at the leading edge of the flame controls the flame spread rate. While such thermal 

models have yielded significant insight into the functional relationship between various factors (e.g., external heating, flow 

velocity) and the flame spread rate, these models lack reliable predictive capabilities [2]. Recent efforts have been 

dedicated to developing advanced computational tools that can predict flame spread behaviour.  

This study presents a comprehensive series of opposed flow flame spread experiments by which coupled gas-phase and 

solid-phase measurements were taken using optical diagnostic techniques. Solid phase temperature measurements were 

taken using phosphor thermometry and gas-phase temperature and O2/N2 measurements were achieved using Hybrid 

Rotational Coherent Anti-stokes Raman Spectroscopy (HRCARS) [3]. The solid and gas phase temperature measurements 

were coupled to provide a high degree of spatial resolution and resolve the heat transfer from the flame to the solid. These 

techniques were applied to a well-studied case of downward flame spread over PMMA [2], providing greater measurement 

capabilities then provided previously in the literature. Example results can be seen in Figure 1. The outcomes from this 

study can be used in future work to pair with numerical modelling and refine existing subgrid models for fire spread 

predictions.   

 

Figure 1. Coupled solid and gas phase temperatures for downward flame spread over PMMA. 

  

[1] Hadden, Rory M. "Revisiting flame spread: new problems, new tools, new opportunities." In Journal of Physics: Conference Series, vol. 2885, no. 1, 

p. 012001. IOP Publishing, 2024.  
[2] Morrisset, David, Rory M. Hadden, and Angus Law. "Quantifying the controlling mechanisms of opposed flow flame spread: Influence of orientation, 

material, and external heating." Fire Safety Journal 142 (2024): 104048.  
[3] Padhiary, Abhijit, Joshua Collins, Anthony O. Ojo, David Escofet-Martin, Andreas Dreizler, and Brian Peterson. "An experimental investigation of 

the thermal flame structure during side-wall quenching of a laminar premixed flame." Proceedings of the Combustion Institute 40, no. 1-4 (2024): 

105376  
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Smouldering of timber elements concealed behind encapsulation presents a latent fire risk in mass-timber buildings 

because the process is flameless, persistent, and difficult to detect or suppress once established. This work reports a 

laboratory investigation of self-sustaining smouldering in encapsulated cross-laminated timber (CLT) subjected to 

controlled pre-heating and oxygen environments. We aim to quantify through-thickness smouldering front velocities using 

thermocouple (TC) measurements and examine the sensitivity to oxygen concentration. The rate of heat release from the 

smouldering region is also quantified. 

Experiments were performed using the Fire Propagation Apparatus (FPA) [1]. CLT specimens were encapsulated in 

insulation material (e.g., ceramic wool) on all sides apart from one which was heated with a uniform external heat flux of 

35 kW/m2. Each specimen contained seven type-K TCs embedded at various depths. The external heat flux was imposed 

until the TC at depth 25 mm reached a target temperature of 450 °C, at which point the external heating was terminated. 

The progression of self-sustaining smouldering was then observed. The test chamber oxygen was controlled, and 

successful smouldering propagation occurred at and above 18.45% O2, while experiments below this did not propagate 

smouldering. Temperature was logged at 5 seconds intervals. For each test, the time at which each TC reached a chosen 

isotherm, Ὕᶻᶰσππȟσυπȟτππȟτυπ °C, was obtained, and a least-squares fit of depth versus arrival time gave the 

isotherm velocity. Propagation was deemed self-sustaining if isotherms advanced after heating withdrawal. Figure 1 

presents the average smouldering front velocity, ὺ, calculated for each isotherm and oxygen concentration. 

 
Figure 11: Smouldering front velocity measured for each isotherm at different oxygen concentrations. 

The observed sensitivity of ὺ to oxygen concentration is consistent with oxygen-limited oxidation of porous char, 

increased effective reaction rates, and reduced heat losses once heating is removed [2]. The threshold behaviour near 

18.45% suggests that, for encapsulated CLT, local oxygen availability, such as leakage paths and ventilation states, may 

be a critical control on post-heating smouldering persistence. The results show that the sensitivity to smouldering 

propagation is non-linear with oxygen concentration. From an engineering perspective, this underscores the importance 

of encapsulation integrity and detailing that limit oxygen ingress to concealed timber. 

 
[1] ASTM International, ASTM E2058-19: Standard Test Methods for Measurement of Material Flammability Using a Fire Propagation Apparatus 

(FPA), ASTM International, West Conshohocken, Pennsylvania, United States, 2019. 

[2] Y. Qin, Y. Chen, Y. Zhang, S. Lin, X. Huang, Modeling smothering limit of smoldering combustion: Oxygen supply, fuel density, and moisture 
content, Combust. Flame 269 (2024) 113683. 
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Over the last decade, Computational Fluid Dynamics (CFD) modelling has been playing an increasingly significant role 

in fire dynamics research and supplementing traditional fire research tools, such as experimental data, empirical 

correlations, and zone models [1]. However, one of the major problems that CFD modelling in fire safety engineering 

continues to encounter is the complex interconnection between the combustion process and the natural environment, which 

makes accurate fire simulation extremely challenging [1]. A large part of the complexity arises because of the 

inconsistency of the time and length scales of the controlling processes and the overall fire phenomenon. For example, 

heat transfer and pyrolysis take place at time and length scales of the order of magnitude of nanoseconds and millimetres, 

but the length and time scales for building fires in a natural environment are usually measured in units of metres and hours. 

As a result, coupling various scales for explicit fire simulation in a single CFD model imposes great difficulty in model 

design and requires significant computational resources to carry out the simulation [2]. Many CFD modelling techniques 

have been developed to overcome this challenge, and one of the most widely used currently is Large Eddy Simulation 

(LES). 

LES resolves the large-scale eddies directly and models the small-scale ones using Subgrid Scale (SGS) models [3]. In 

this way, LES modelling of fire problems can maintain a balance between accuracy and efficiency by focusing on resolving 

large energy-containing eddies over the computational mesh, while the SGS flow motions that are potentially less 

important are modelled within each cell. While LES has been proven to be an effective approach in modelling fire and 

smoke movement in a relatively open environment, such as compartments and tunnels, it is less effective in simulating 

fire in a narrow, confined environment, such as a ventilated cavity scenario [4]. The ventilated cavity scenario refers to 

the ventilated facade system, which is a very common external wall system in modern buildings. The cavity refers to the 

air gap between the external cladding and the building surface. When the fire propagates into the cavity, the significant 

temperature and pressure differences between the inside and the outside of the cavity can enhance the complexity of the 

fire dynamics, leading to rapid combustion of cladding materials and fast upward flame spread. This makes ventilated 

cavity fires an extremely dangerous fire hazard. Therefore, correctly predicting the near-wall heat transfer has been a focus 

of ventilated cavity fire research, as total incident heat flux from the gas to the wall controls the pyrolysis reaction, and 

thus significantly impacts the upward flame spread velocity and flame height [5, 6]. 

This research investigates how CFD mesh resolution impacts the near-wall heat transfer simulation for the lower laminar 

region of a ventilated cavity fire scenario. An open-source CFD modelling tool, Fire Dynamic Simulator (FDS), will be 

used to conduct the simulation. FDS was first released in 2000 and has been extensively used for fire dynamic modelling 

in industry for performance-based engineering evaluation and in academia for researching fire dynamics [7]. The research 

will be carried out in two stages. In the first stage, a simple inflow along a vertical inert wall surface model will be built 

to investigate how the different mesh resolutions impact the temperature, flow velocity, incident heat flux, and convective 

heat flux. Three different resolutions, 1 mm, 0.5 mm, and 0.25 mm, will be used to conduct the simulation. In the second 

stage, a ventilated cavity FDS model will be built based on a previous non-combustible ventilated cavity fire experiment 

conducted by Mendez in 2023 [8]. The model will be discretised into three regions: a turbulent region, a laminar region, 

and a near-wall region. The focus of this stage will be on how different resolutions impact the incident heat flux, 

temperature, flow velocity, and flame height. The final goal of the research is to explore whether the use of finer mesh 

resolution improves the simulation accuracy of near-wall heat flux in the laminar region and to establish guidelines for the 

minimum required mesh resolution in capturing near-wall heat transfer phenomena. 
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[1] J. L. Torero, Scaling-Up fire. Proceedings of the Combustion Institute 2013. p. 99-124.  

[2] J. Wolfram, R. Guillermo and J. L. Torero, The Effect of Model Parameters on the Simulation of Fire Dynamics, in: B. Karlsson (Ed.) 9th International 
Symposium on Fire Safety Science, International Association for Fire Safety Science, Karlsruhe, Germany, 2008, pp. 1341-1352. 

[3] K. McGrattan, S. Hostikka, J. Floyd, R. McDermott, M. Vanella and E. Mueller, Fire Dynamics Simulator Technical Reference Guide Volume 1: 
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The burning behaviour of wood is dependent on an ensemble of heat transfer, mass transfer, and chemical phenomena. 

Pyrolysis primarily begins between 225-275°C whereby volatile species including carbon monoxide, carbon dioxide and 

methane are released and with the aid of a pilot ignition source, may result in flaming combustion [1].   

Under one-dimensional heating conditions, woods burning behaviour can be typically categorised into two different 

regimes: transient and quasi steady-state [2, 3]. Quasi steady-state conditions will be reached when the heat feedback 

from the external heat source/flame feedback generates pyrolysates at a constant rate which is greater than the critical 

mass loss rate for sustained flaming [4]. These quasi steady-state conditions occur due to the char reaching a constant 

surface temperature resulting in constant heat losses, and when the temperature profile within the char reaches steady-

state [2]. An energy balance at the interface between the char and the virgin timber (i.e. pyrolysis zone) defines the energy 

available for the generation of these pyrolysates at a steady-state, largely driven by the external heat source and flame 

feedback.  

In a horizontal normal (face-up) orientation, buoyancy forces act in a normal direction away from the flame surface. 

In a horizontal inverted (face-down) orientation however, the buoyancy forces act in a norma direction towards the 

surface, pushing the flame towards the sample surface, enhancing flame feedback (ή!
"). This also has counterintuitive 

effects in this inverted orientation with less diffusion of oxygen into the boundary layer, increasing the likelihood of 

quenching of the flame [5]. Limited research however has been undertaken to explore how changing orientation from a 

normal orientation to an inverted affects the burning behaviour of wood. This research gap motivated an experimental 

investigation using the Fire-Propagation Apparatus (FPA) [6] to explore how changing orientation affects the burning 

behaviour of wood under exposure to different external radiative heat fluxes.  

Figure 1 illustrates the impact of orientation on the peak heat release rate per unit area (HRRPUA) and the CO/CO2 ratio 

under exposure to an external radiative heat flux of 60 kW/m2. Results highlight key differences in the peak HRRPUAôs 

between both orientations. Despite steady-state heat release rates being similar for both orientations, significant 

differences in the CO/CO2 ratio were also observed.  

  

Figure 1. Impact on Orientation on the Heat Release Rate Per Unit Area (HRRPUA) and the CO/CO2 ratio at 60kW/m2.  

This study aims to quantify orientation effects on the burning behaviour of wood, using dimensionless numbers such as 

the Nusselt and Sherwood numbers with the goal to provide necessary insight to understand the burning behaviour of 

wood in an inverted orientation to improve design processes.  
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    Composites are among the most widely used materials in manufacturing and construction. They are generally easy to produce, 

have good mechanical properties, and offer reliable performance. The incorporation of fibers within the matrix further enhances these 

characteristics. Fiber reinforced composites are used across numerous industries, including aerospace, automotive, construction, and 

maritime sectors [1]. However, with the growing global emphasis on adopting greener and more environmentally friendly alternatives, 

natural fiber-reinforced composites have gained popularity. Nevertheless, their flammability remains a concern, limiting their 

applications. 

        Limited research has been conducted on water-based coatings in the literature. As such, this study aimed to explore the applicability 

of water-based coatings, specifically ammonium polyphosphate, which has already been established as an effective fire retardant [2]. 

When heated, ammonium polyphosphate generates polyphosphoric acid. This acid promotes the formation char layers through the 

carbonisation of cellulose fibers. These char layers help inhibit the transfer of flammable gases and heat. This coating was compared to 

more traditional fire retardants, such as silica gel and silicon dioxide nanoparticles. 

 

       Seven sample groups were fabricated, each containing ten specimens of dimensions 13mm by 125mm. These specimens were 

subjected to the vertical burning test in accordance with ASTM D3801. Five specimens of each sample were conditioned in a circulating-

air oven at 70 degrees for a period of 168 hours, and five specimens of each sample were conditioned in room temperature for a minimum 

period of 48 hours at room temperature. A 20mm blue flame was applied centrally to the lower face of the specimen. There were two 

15s flame exposures after which the afterflame and afterglow times were recorded for both exposures. The ultimate tensile strength of 

the surviving specimens was then tested post-flame exposure, following ASTM D3039. The results of these tests are presented below. 

 
 

Sample Average Burn Time (s) 

Control 134 

APP-20 17.7 

APP-10 26.8 

Silica-20 468.3 

Silica-10 359.5+ 

Silica-5 351.9+ 

SiO2-10 245.3 

 

Table 1. Vertical Burning Test Results 

 
Figure 1. Mechanical Testing Results 

 
 

       Results show that the ammonium polyphosphate coating performed exceptionally as a fire retardant, with the ammonium 

polyphosphate samples being the only sample to have achieved a rating on the vertical burning test. An increase in ammonium 

polyphosphate content resulted in a better rating. Furthermore, not including the control sample, the ammonium polyphosphate coating 

samples outperformed the silica gel and silicon dioxide nanoparticle samples. Using a lower amount of ammonium polyphosphate 

resulted in marginally better mechanical properties. These findings demonstrate the suitability of a water-based ammonium 

polyphosphate coating as a fire retardant. A cone calorimeter test could be conducted to further evaluate the combustion characteristics 

of the samples. While cone calorimeter data is widely reported in the literature, the vertical burner box test used in this study; involving 

direct flame contact and flame spread analysis; is far less commonly documented. This research offers a distinctive contribution by 

employing a rarely explored methodology to assess fire performance under more realistic conditions. 

 
[1] Milewski, J. V., & Rosato, D. V. (1981). History of Reinforced Plastics. Journal of Macromolecular Science: Part a - Chemistry, 15(7), 1303ï1343. 

https://doi.org/10.1080/00222338108056787 
[2] Jiang, X. C., Li, P., Liu, Y., Yan, Y. W., & Zhu, P. (2023). Preparation and properties of APP flame-retardant ramie fabric reinforced epoxy resin   

composites. Industrial Crops and Products, 197, 116611. 
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Section 8 Gas -phase Reaction Kinetics  
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The significant differences in the combustion properties of hydrogen (H2) and ammonia (NH3) present unique 

opportunities to utilize their interactions to address the combustion challenges of each fuel. For example, H2 can be used 

to promote NH3 autoignition, while NH3 can help slow down H2 ignition and flame propagation. The paper investigated 

the latter effect using a turbulent flow reactor where H2-dominated mixtures are oxidized near hydrogenôs second explosion 

limit that exhibits negative pressure dependence (less oxidation at higher pressure). Nitric oxide (NO) plays a key role in 

this system, serving as a major intermediate species and a product of NH3 oxidation, as well as a byproduct of H2 

combustion in air. The investigated mixtures include H2/NH3 (H2/NH3 = 100/0 to 80/20 by mole) and H2/NH3/NO (H2/NH3 

= 80/20 by mole, 0 to 155 ppm NO addition), all in air at ◖ = 0.033ï0.044. The nominal reactor temperatures range from 

926ï976 K and the pressures are 1 bar and 4 bar. The species time profiles were measured via extractive sampling using 

gas chromatography and Fourier-transform infrared spectroscopy for analysis of fuels (NH3 and H2) as well as NO, NO2, 

and N2O. As shown in Fig. 1(a), at 1 bar, small NH3 fractions significantly reduced H2 oxidation and more NH3 resulted 

in a slower H2 oxidation. On the other hand, an increase in pressure to 4 bar (Fig. 1(b)) diminished the inhibiting effect of 

NH3 and a non-monotonic behaviour with NH3 concentration was observed, where a small share of NH3 promoted the 

reactivity but a further increase in the NH3 content inhibited the reactivity. When adding NO to H2/NH3 mixtures (80/20 

by mole), an increase in NO addition gradually promoted the H2 oxidation and the NO promoting behaviour was more 

pronounced at 1 bar (Fig. 1(c)) than at 4 bar (Fig. 1(d)). The behaviour observed at 1 bar (Fig. 1(c)) contrasts with the 

previous H2/NO measurements at the same pressure [1], where a 50 ppm NO addition immediately resulted in a complete 

H2 oxidation. The performance of recent NH3 kinetic models [2-7] to predict the H2 oxidation was evaluated. The results 

show that, while the species profile of H2/NH3 mixtures are reasonably reproduced, large discrepancy exists in simulating 

H2/NH3/NO mixtures, particularly at 4 bar (Fig. 2), suggesting the need for major improvement on the existing models. 
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Figure 1. Normalised H2 species time profile for various H2/NH3 ratios (a) 

1atm and (b) 4 bar, and mixtures with H2/NH3 = 80/20 (by mole) for different 
level of NO additions at (c) 1 atm and (d) 4 bar. Lines are visual guidance. 
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Figure 2. Kinetic modelling of mixtures with H2/NH3 = 

80/20 with 155 ppm NO addition at 4 bar and 940 K for 

(a) H2 speciation, and (b) NO speciation. 
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