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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 le
scientists and students from Au
combustion in a changing and d
challenge is immense and its timely ig@n requires closer internation
collaborations and solid interactions with industry, government, and

research bodies involved with the production of various green fuels. ‘'
issues were highlighted in the excellent presentations of 54 cdetti 4 U‘, o
papers, two reviews, and two keynote speakers. Professor Jose Torer —

University College London, presented the opening Bilger Lecture giving an
insightful perspective on the broader role of carbentral processes in nature, while Professor
Zhuyin Ren from Tsinghua University delivered
of transport properties for flame dynamics and NOx formatidmydrogeaf uel | ed gas tur |

As Chairman of the ANZSection and on behalf of all our membership and delegates, | 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 AusinaCombustion Symposium an outstanding
success. In particular, our thanks go to the organising committee which in€luddex Klimenko

as Chair, Dr Yuanshen Lu, Dr Azadeh Jafari, Prof. Vincent Wheatley, Prof. Anand Veeraragavan, Dr
Muxina Konarova, Dr @vid Morrisset. This year, the ANZI 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 (AZ®5), 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 secilidiese are particularly exciting times for energlated 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
Internatonal participants spanning hydrogendaammonia, 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
InternationalSymposium on Combustion (IEX26) 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 pradii@sncreasingly favour subsequent
journal submission of material not previously published in conference proceedimgsipport
preparation for IC®026, the organising committee also offered arprgew of prospective ICS
submissions as a service @ tCl communityAll submission§ extended abstracts and full pagers

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 Presédlesttof The Combu®n Institute.

The organisers thank The University of QueensldhdFaculty of Engineering, Architecture and
Information Technology especially the School of Mechanical and Mining Engineériagd
affiliates of the Centréor Multiscale Energy Systems fdémgistical 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

8 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 St Leods College, UQ*
AEST, UTC+10

Day 0, Monday 1st December

6:00 pm -9:00 pm Registration and Reception i hel d at St Leods Coll e
Date/time Hawken Engineering Building (#50) - Hawken Engineering Building (#50) -
T203 (including Plenaries** T103
Day 1, Tuesday 2nd December
8:30 am7i 8:45 Opening (Chair Klimenko)
Welcome from the Combustion Institute (Masri)
8:4571 9:30 Bilger Lecture - José L. Torero (Chair Masri)
9:30710:00 Morning tea (30 min)
10:00 am i 12:00 | S1 Clean Fuels (Chairs Medwell & Lu)*** S2 Turbulent Flames (Chairs Hng & G.Li)***
pm
1 | ACS25106 i On the Autoignition of Turbulent ACS25108 i Large Eddy Simulation of Hydrogen
Flames of Oxy-Methylene Fuels Premixed Flames in a Laboratory Scale Burner
H.A. Samara*, M.J. Dunn and A.R. Masri M. N. Ali*, M. Talei, N. Rouland and B.Cuenot
2 | ACS25117 i The Impact of Boost on the ACS25158 i Turbulencei chemistry interaction in
Combustion and Autoignition behaviour of premixed hydrogen and methane flames at
Hydrogen and Natural Gas Blends in a CFR comparable Karlovitz and Reynolds numbers
Engine M. Gauding*, J.Z. Ho, M. Talei and H. Pitsch
B.L. Hayward*, M.J. Brear, F. Poursadegh, and Y.
Yang

3 | ACS25156 1 Effects of differential diffusion on the | ACS25136 i Impact of Hydrogen Addition on the
critical velocity gradient of hydrogen flashback in a | Acoustic Characteristics of Open, Swirled, Turbulent

laminar boundary layer Premixed Methane-Air Flames
T. Komatsu*, J. Lin and E.R. Hawkes J. Fleger*, V. Ahmadi, J. Ho, A. Rostami, M. Talei
and S. Kheirkhah
4 | ACS25109 i Impact of Hydrogen Addition to ACS25131 1 LES of Turbulent Premixed Methane
Natural Gas on Combustion Dynamics in a Model | and Propane Jet Flames Using G-Equation
Combustor Modelling

A.A. Alahmadi, M. Talei*, Y. Yang and M.J. Brear | A. Essamaldin*, M. Talei and O.L. Gulder

5 | ACS25122 i Numerical Investigation of Hydrogen | ACS25112 i A New Bluff-Body Burner to Stabilize
Adaptation Strategies in an Industrial T Scale Iron | Turbulent Lean Flames Based on the Concept of
Pelletiser Compositional Inhomogeneity

M.A. Chishty*, A. Katoch, W. Saw, G. J. Nathan, A. Kattan*, M.J. Dunn and A.R. Masri

M.J. Evans, P.R. Medwell and A. Chinnici
6 | ACS25142 1 Convolution Neural Network Based ACS25111 i Towards computations of turbulent
Filtered Reaction Rate model for Thermo- stratified flames using MMC- LES with shadow-
diffusively Unstable Hydrogen flames position reference variable and detailed

K. Thakur*, M. Pandey, K. Agrawal, A. Klimenko N.N. El Hakim*, M.J. Cleary and A.R. Masri

12:00 pm i 1:30 Lunch (1.5 h)
pm
1:307 3:30 S3 Turbulent Combustion/Clean Fuels S4 Combustion Engines (Chairs Talei &
(Chairs Wandel & Chishty) Wheatly)
1 | ACS25105 i A Study Over the Excitation ACS25126 1 High-pressure direct injection of
Frequency for CN and CHFO PLIF: A Broad hydrogen or methanol in a heavy-duty diesel engine
Range Wavelength Scan in NHFi DME Flame Y. Zhao, S. Chan and S. Kook*
H.A. Samara*, A.R.W. MacFarlane, M.J. Dunn and
A.R. Masri
2 | ACS25140 7 Ignition and Combustion ACS25121 i Performance Improvement of a
Characteristics of Methanol Hydrogen-fuelled Spark-ignited Internal Combustion
K. Aryal, G. Zhai, K.M. Pang, S. Xu, G.H. Yeoh Engine by Ammonia Addition
and Q.N. Chan* A. Sherwood, Y. Yang* and M. Brear
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ACS25155 7 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 i Capturing Thermoacoustic Instability in
a Dry Low-Emission Gas Turbine Combustor: A
Numerical Study

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

ACS25128 1 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 i Simultaneous measurement and view-
factor reconstruction of radiative and convective
heat transfer of impinging flames under engine-like
conditions

J. Cao, T. Liand S. Kook*

ACS25151 i 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 7 On the Prediction of Combustion-
Induced Unstart in a Scramjet

M.A. Trudgian® and A. Veeraragavan

ACS25139 1 An Improved Mixing Distribution for
Modi fied Curl &8s Mi xing

M. du Preez and A. P. Wandel*

ACS25107 1 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

3:3071 4:00

Afternoon tea (30 min)

4:007 4:45

Plenary Review - Agi Kourmatzis (Chair Lu)

End of the day

Notes: *located within the UQ St Lucia campus
**All p lenary 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)

ACS25130 1 Surface growth of carbonaceous
nanoparticles by molecular dynamics simulations
E. Goudeli*, A. Ganguly, A. Fakharnezhad, G.A.
Kelesidis and S.P. Roy

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

J. Bielawski, W.K. Cheung, D. Luan, X. Huang, W.
Wigr zy @sKki

ACS25110 i 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 i Effect of fire-retardant treatment on
flaming behaviour of CCA-treated timber

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

ACS25113 7 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 i Characterising Li-ion battery thermal
runaway types

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

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

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

ACS25118 1 Quantifying the effectiveness of water
as a bushfire suppressant in a combustion wind
tunnel

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

ACS25134 i 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 i 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)

ACS25123 1 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 1 Coupled gas-phase and solid-phase
measurements for downward flame spread over
PMMA

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

ACS25129 1 Oxidation of methane/hydrogen and
ethane/hydrogen mixtures at elevated pressures
and temperature

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

ACS25152 1 Experimental Investigation of
Smouldering Propagation in Encapsulated Cross-
Laminated Timber

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

ACS25143 7 Oxygen-assisted H2-based iron ore
reduction in shaft furnace: a DEM-CFD coupled
modelling study

C. Zhang, and Y. Lu*

ACS?25137 i Effect of mesh resolution on near-wall
heat transfer in FDS

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

ACS25148 1 Euleri Lagrangian CFD framework
for PAH chemistry and carbon particle tracking in
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X. Zhang*, Z. Sun, R. C. Chin and G. J. Nathan

ACS25132 1 Orientation Effects on the Burning
Behaviour of Wood

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

ACS25150 7 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 i Thermal Stability and Fire
Performance of Flax-Reinforced Epoxy Composites
with Different Fire Retardants

N. Khaliavin *, E. Morozov, and M. Ghodrat”
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(AEST, UTC+10) T203 (including Plenaries* T103
Day 3, Thursday 4th December
9:00 am i 10:40 S9 Decarbonisation and Clean Fuels S10 Other Topics (Chairs Abdel-jawad &
(Chairs Ren & Veeraragavan) Jafari)
1 | ACS25146 i Particle dynamics relevant to ACS25160S i Hybrid Modelling of Dust Explosions:
decarbonisation of drop-tube flash reactors Implementation and Validation within exploCFD
X. Bi*, E.W. Lewis, T.C.W. Lau, Z. Sun and G.J. J.R. Roos, M.M. Abdel-jawad*
Nathan
2 | ACS25114 i Modelling of Conventional Diesel ACS25145 1 Thermodynamic analysis of a
Haul Truck Performance for Mining Application multistage compressed air energy storage with a
J. Li*, G. Zhai, C. Wang, G. H. Yeoh, S. Kook and | Single temperature thermal energy storage
Q. N. Chan A. Samant* and A. Y. Klimenko
3| ACS2515371 Bi | ger s Oxyf uel - | ACS25159S 1 GPU and Al Applications to CFD
as-Gas Export from Australia Modelling of Combustion
M. M. Kratzer* and A. Y. Klimenko L. Clark and D.F. Fletcher*
4 | ACS2514971 Queens|l andés Hydr | ACS251201 The effects of nozzle protrusions and
and Export Network voids on shockwave formation and hydrogen jets
W. Yuan*, M. Kratzer, Y. Lu and A.Y. Klimenko D.J. Willmore*, J.A.C. Kildare, T.C.W. Lau, P.R.
Medwell and M.J. Evans
5 | ACS25141 1 The Role of Combustion in the ACS25116 1 Time-Resolved Spectral
Various Stages of an EI | Characterisation of Ejecta During Thermal Runaway
D.S. Green* and A.Y. Klimenko in Lithium-lon Cells
D. Karim*, V. Gupta, M.J. Dunn, A.R.W.
MacFarlane, A.R. Masri

10:407 11:00 Joint meeting of ACS organisers, session chairs, Cl board members
11:00 am i 12:00 Award, closing , and farewell (with participation  of CMES members)
pm

Conference Venues

The conference will be held Biawken 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 tB& Lucia campusof University of Queensland.

Parking fee on the UQ campus is arounc-
$5/day.

The Welcome Reception will be held in ..
the evening of 1 December@tt L eo
Collegewithin The University of

Queensland.

The sessions will be held Bid. #50. The
plenary sessions will be held5®-T203, =~ .
while the second sessions will be held inw . i /
50-T103. Breaks will be held in the lobby..=..
outsideT203.
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Bilger Lecture

Smouldering Revisited

J. L. Torerd”
1 University College London, United Kingdom

Abstract

Smouldering combustion is a unique process by which characteristic transport and chemical time scales converge taiskeliver rob
low temperature combustion. Classic studies on smouldering have focused on its negative impact, i.e. fires, cigatatiesetoollu
Nevertheless, studies focused on preventing and suppressing smouldering combustion have led the way to a deeper uaflerstanding
combustion within porous media and the realization that smouldering could be used in unique and positive waysntatjweriand
modelling of the complex thermal exchanges that deliver a robust smouldering reaction have allowed to establish the ttatdition
lead to its steady propagation and the unique bifurcations leading to extinction and transition to flanying .appiications such as
contaminated soil remediation, waste management, PFAS destruction will be discussed alongside new issues such asfthe impact o
smouldering on the fire performance of novel timber structures and the control of underground dmahfieass of systematic energy
extraction.

Keywords: Smouldering, fire, remediation, waste management, underground coal 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 impedimentécstife

1. Introduction

Smouldering is heterogeneous exothermxidation
where oxygen directly attacks the surface of a solid or ° 3
liquid fuel [1]. Smouldering has been mostly treated as a UmPer buildings [12, 13].

fire safety issue [2], neverthelessiccessful applications ! This paper addr.esses. the heqt exchange co_ndi_tions
of smoulderingn underground coal gasification [3] and within a porous medium with the objective of establishing

as an effective solution forfuel conversion, soil the key parameters that govern the -setain
remediation, waste management and sanitaéipn [ propagation of a smouldering combustlon reaction front.
Most smouldering applications pertain low calorific or | N€ different heat transfer processes wdl éxplored,
wet materials, hence the propagation of a combustion cluding Local Thermal Equilibrium (LTE), Local
reaction relies on highly efficient energy transpakt thermal NorEquilibrium (LTNE) as well as global
common way to achieve the necessary energy eﬁiciencythermal 'bal_ance fqr the entire region of heat. t_'-:xchange.
is by having the smouldering reaction propagate through The objective being to establish the conditions that

a porous medium. The porous medium can be inert or theSUPPOTt selsustained smoulderingoFclarity the case of
combustible material itself. The former is mostly & combustible liquid coexisting with sand in an inert

associated to porous burners [5] anil emediation [6] porous matri>_< will be used. This is the case corresponding
and the latter mostly with foams [7] or organic materials t© SOil remediation.
such as coal orgat [8].

The key to effectivelyusesmouldering in webr low 2. Pore Level Heat Exchange
energy systems lies in maintaining the selistained
condition, which requires a positive energy balar@je [ Characterimg the energy balance with enough

i.e., the energy generated from the oxidation of precision to predict quenching of the smouldering
combustible materiahust be sufficient tgpropagate the  reactions requires to precisely understand how heat
reaction angkvaporatenywater present in the proximity  trandersbetween all three phases, gas, water and sand.
of the reaction zone. Therefore, the first issue to be addressed is the heat
Radiation from the combustion reaction is retained by exchange between all phases. Tiree phases can exhibit
the opticallythick porous medium at the same time as local thermal norequilibrium (LTNE) under certain
convective heat transfer from the hot gases acceleratexonditions, i.e., water, sand and gas exhibit different
heat transfer back to the combustible material. By temperatures. As shown in Fig. 1, during the rapid
controlling the diffusion of oxygen tché combustible convective evaporation process, the water surface might
surface energy release can be matched with energybe cooled consiaably because of the strong endothermic
transfer resulting in an exceptionally efficient combustion evaporation, causing the remaining water to be cooler than
process than can remain selfstained for temperatures the sand; on the other hand, in scenarios where significant
below 350C [1,10] or lead to supeadiabatic heat is gnerated, the process can quickly warm the
temperatures [11]. The extnalinary combustion waterds surface t hrough exot
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vapor, making the water warmer than the surrounding The constanb i s a di mensionl ess
sand. coefficient introduced toaccount for temperature
A common approach to address LTNE between three gradients andlocal thermal norequilibrium (LTNE)

phases is to develop three independent energy equationgffects amondiquid and solid phaseto retain atwo-

one for the water, one for the gas and one for the solid energy equation framewokkondensed and gas phases)

phase 9, 14. However, this requires determining the Specifically, it adjusts the effective volumetric heat

interfacial area and interfacial heat transfer coefficient capacity of the porous medium to account for temperature

between fluids in porous media, which are typically differences between phases during rapid phase change

unknown. The fluids ofterevolve over time, making events. The equatiofor the effective properties was

direct measurements or modelling of the interfaces very written as:

difficult. Additionally, the heterogeneity of natural porous

media further comipates the definition and "8 PFp % 6 %Y " b

qguantification of the interfacial area. Consequently,

determining the interfacial area and heat transfer (1)

coefficients between fluids challenging, which in turn ) e o _

limits the application of threenergy equations for Where%ds the porosityd the specific heat, the density

solving LTNE during water phase chan@milar issues and"Ythe saturation. The s_bibdicesw an_ds correspond

will be faced when addressing mass transfer, which is to water and sand respectively and theisulexeff to an

Critica| to the understanding Of smou'dering_ 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

4 ; ; linear averaging method) resulted in an underestimation

. : E : §% of the rate of heat propagation and the peak temperatures.
Qo = | = P 8 A sensitivity analysisvith r ranging from1.8 to 0.6
g A& e % showed whep  p, the decrease iff 6 resulted in
3 P2 83 a faster rate oheat propagatignwhich was due to an
- . increase in theffectivethermal diffusivity, i.e.|
> : :_ Rapid Cond. (Vapor) Q176 (Q is an effective thermal conductivity
i A of the porous medium and an effective thermal
2 . "— == . diffusivity). These observations align with many studies
. Rapid Evap. (Dry air) indicating that water presence can enhanceeffeztive
> thermal diffusivity of a porous materialy limiting the
Distance heating of the solid to its surface [15]

Wang et al. [6] recognized that the main contributor
tol was the water saturation amktended to be a
function of the initial water saturatiofy 5 (Eq. 2). This
f expression has been successfully applied to simulate wet
smouldering processes under a wide rang¥ gf

Figure 1. Conceptual model to elucidate the local thermal; & ¢y, ¢ 3; ub (4)
nonequilibrium between water and sand during the water
phase change (extracted from [10]). The introduction of as a function ofY; provided a

. . . furthermeans teelucidatethe simulation of heat transfer
As a simplification two-energy equations are widely processes within the wet smouldering systems.

used under the assumption thigtiid and solidphases The introduction of allows to establish that heat

have the same temperature. Abw (emperaiures yansfer away from the smoldering reaction can be
(<200°C), theliquid phase change is not aggressive, and mqqyjated not only by the properties of the porous
the approximation of LTE betwedquid and sand is  nediym, but also by the saturation and the flow in a
generally accepted.'NevertheIess, undgr_ high moisture .o nner that enables multiple degrees of freedom to
content (MC) and higlemperature conditionsuch as ool how much engy is concentrated around the

those of smoulderingvater and solid may present distinct - gqyidering reaction zone. A more detailed theoretical

temperatures, i.e., LTNEL$]. Furthermore, gradients of 55 vsis of the coefficient [10] showed that equilibrium

temperature within the liquid films and the sand particles between the phases is reached whenp, condensation
complicate the problem further. A way to resolve heat occurs whenh  p and evaporation whén  p.

exchanges using two energy equations and account for
these gradients while not resolving the temperature
distributiors 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.
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2. Reaction Zone and Global Heat flame temperature will continue to increase, and super
Exchange adiabatic conditions can be attained. If the energy balance
in the global control volume leads to a net energy loss
The presence of a porous medium has a significant effectgreater than the heat generated by the combustion
on the nature of the reaction zone allowing to predict reaction, the flame temperature mstart to decay and
extinction before it occurs. This is of great value because extinction is inevitable. Nevertheless, given the long
it allows to correct operating parameters to maintain the characteristic time for heat transfer in the global control
stability of the combustio reaction. To describe the role  volume, this condition can be identified and corrected,
of the porous medium it is necessary to construct two preventing extinction of the reaction front.
control volumes (Fig.2). Figure 3 show a series of numerical simulations
extracted from reference [9] where a robust smouldering
otm U front is seen in Figure 3(a). The global energy balance
f presented in Figure 3(b) shows positive allowing for
- accumulation of energy within the porousdien. Under
o these circumstances the reaction temperature can increase
A or if the flow velocity is sufficient the propagation
' velocity increase keeping the temperature constant. In
i contrast, Figure 3(c) shows an extinguishing front whose
o & temperature is deciag and its progression decelerates.
Sand x % Nevertheless, the reaction does not extinguish until the
Feater E front has spread through almost 40% of the reactor. The
Temperature xZ000m 1 negative global energy balance presented in Figure 3(d),
E nevertheless, seals the fate of the reactionittetie fact

(a) Conceptual Model (b) Temperature Profile (c) Local (Smoulder Front) (d) Global (Bed)

Eneray Balance Enerqy Balance that it will still take a long time for the reaction to
Figure 2. Schematic of a smouldering reactor showing the extinguish.

propagation velocity of the frontcX). Two control 800 — Local Ereny Belece
volumes are presented leading to two necessary energy 7® H© 5 B 2
balancesQ s the energy flux, while the sub indexid o |

corresponds to exothermic oxidatigayr to endothermic 8 400 |

pyrolysis andossto energy leaving the control volume in I
a direction other than that of the flow. The dnicesin |
andoutcorrespond to the energy carried in and out of the g e
control volume by a flow of velocityy (extracted from Giobal Energy Balance
[9]).

The first control volume is in the immediate region of
the reaction. Like any other combustion process, heat
exchange outwards of the reactizone can result in a
decrease of the flame temperature leading to extinction. J
This is no different in smouldering and can be seen in the s TR o o
local control volume depicting the reaction zone. In the Omensionoss Tma o

schematic of the reactor, the temperature along the axis ofrigure 3. Propagation front temperature histories and
the reactor shows that trailing the reaction zone, all the energy balance. (a) and (b) show a robust smouldering
combustible compounds have been consume leaving afront with a positive global energy balance. (c) and (d)

cleanporous medium that still stores significant amou_nt show an extinguishing front with a negative global energy

of energy. Above the front the temperature decays rapidly palance. Note that the reactioroes not extinguish

(low effective thermal conductivity of the porous jmmediately despite the negative balance.
medium) into the sand contaminated with combustible

compounds. The energy balance betweeandw will
ultimately determine the fate of the reaction. 4. Summary

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 temperatur
and products leave at ambient temperature resulting in
O O .If'O © mall the energy released by the
combustion reaction will be stored within the porous
medium and reverted to the reaction zone. In this case the

0.35m

S =

Front

10m

Air Flux

N

o - P
© N o

Energy Rate [kJ s-1]

=)
»

0.1 05
=iiie @

0.4
03
0.2
0.1 ‘
0 — "

-0.1 ‘

w
B o1=02
0.2 W oT=05
0.3 [E oT=06

Energy Rate [kJ s°1]

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, sidering
reactions are very persistent, very low temperature and
éhow 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 &ibit low calorific power.
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Keynote Lecture

Implicationsof transport propertie®r flame dynamics and NOx

formationin hydrogenrfueled gas turbines

Zhuyin Ren, TianzeYu, Jianyi Jiang, Hua Zhou
Institutefor Aero Engine TsinghuaUniversity, Beijing, China

Abstract

Hydrogen as an alternative fuel in gas turbines holds a great potential for-oatkical power generatioithe unique transport
properties of hydrogen with low Lewis number lead to fudtratification in turbulent lean premixed flandegenerally not observed
in fossil fuel® which exacerbates NOx emissions and flashbiackoth laminar and turbulent hydrogen flamgifferential diffusion
and thermal diffusiorgeneratesuperadiabatic hot spots and markedly increases thermal NOx formation. In turbulent hydrogen
premixed flames, an exponential temporal decay of the hot spots toward the nominal adiabasoofites®eved. Moreover, differential
and thermal diffusiomavepronouncedmpact onboundarylayer flashbacklynamicsandnon-monotonical dependence of flashback
limit on swirl level is observedor premixedhydrogenflames To counterfuel-stratification driven by differential diffusion, a fuel
stratification strategyt inletsis introducedand analysed, whichitigates superadiabatic flame temperatusnd offer promising
pathways to lowNOX, flashbackresisting hydrogen combustion in gas turbines.

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

develop advanced combustion technologies that achieve
ultralow emissions and prevent flashback.

The remainder of this paper is organized as follows.
Section 2 analyses hepot formation and its impacts on
NOx. Section 3 quantifies the effects of differential
diffusion and walithermal losses on flashback. Section 4
evaluates fuel stratification assrategy to offset these
effects. Section 5 concludes and outlines implications for
clean and safe hydrogen combustion.

1. Introduction

The global push for netero emissions by 209Q] 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 sustain@ble
5]. Hydrogenrfueled gas turbines are a promising option
for delivering clean and dependable electricity, owing to

their dispatchability and compatibility with emerging o Hot-Spot Formation and NOx Pathways
hydrogen infrastructure.

Although hydrogerfueled gas turbines eliminate @ — Famcfont ... . Heat
carbon emissions, NOx formation and flashback remain J wlgc.l, of j i " Diffusion
significant challenges owing to the higher adiabatic flame Hz i J &7 Control \ Mo
temperature and laminar flame spe@tl10]. Lean : //— Hy it Diffusion
premixed combustion is an established strategy for ‘ _%“an TI T
reducing NOx emissions. However, in hydrogen flames, ~ “on!Volume ™| “gey Diffusion
flame stretch coupled with differential diffusion can Fig. 1 The schematic diagrams () opposediame (positively
produce supeadiabatic flame temperatures (SAHTI}- stretchedjand (b) tip of Bunsen flam@egatively stretched)
14], wherein local temperatures exceed the adiabatic

i mit, due to hydrogenods
SAFT excursions of more than 20% above tioeninal
adiabatic flame temperature have been repdftdd Yu

et al. [16] numerically investigated muislot turbulent
premixed hydrogen flames, demonstrating that flame
stretch and differential diffusion produce supeiabatic
flame temperatures (SAFT) above the adiabatic limit. A
powetrlaw scaling relating SAFT intensity tmrbulent
viscosity was established, informing NOx control and
combustor desigrZzhang et al[17, 18]demonstratethat
adding hydrogen to hydrocarbon fuels markedly
influences the laminar flame speedher differential
diffusion coupled with walthermal effectdowers the
predicted flashback speed by more than 30%ese
unigue combustion properties underscore the need to
revisit the fundamental properties of hydrogen and to

ttchflsffrndsc a
S|gn|f cant eﬁpa t%rltﬁlan(:de Et?ucti#égvlk%gbﬁ pctgel' e<1).
the schematic diagrams of two stretched flames: one with
positive stretch and the other with negative streficha

steady laminar flame, there is an energy balance between

heat loss and chemical energy gain in a control volume.

The heat loss anthemicalenergy gain are characterized

by thermal diffusivity O and mass diffusivityO .

The ratio betweerO and O , defined asthe Lewis

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

when Le 1. For apositively 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, iningathe

flame temperature, vice verda.contrast, for a negatively
stretched flame, e.g., at the tip of the Bunsen flameat

is diffused into the control volume while the chemical
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energy is diffused oudf the control volumeTherefore
more chemical energy goes out from the control volume
and lowes the flame temperature if Le < 1.

Law et.al.[19] constructed the relationship between
flame temperature and stretching:

Y p wﬂ& G ®lls

6] .~
TP N @)

where @ Qs the Zef@dovich number,0 ds the Lewis
number which can be calculated [0, 21] Fig. 2shows
the response of nedimensional temperature to flame
stretch rataunder different pressure (p# superlinear
growth trend withllgincreasing in the low elongation
region g o was observednd it dropped sharply when
ll@xceeded the critical valukd o). Therelationship (4)
can better describe the temperature change trelhél of

area
1.30 .
U //
g o
2 A5 0%
5 120 s
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5 7 il
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Fig. 2 Flame temperature response to stretchwéte equivalence
ratio of 0.4

In turbulent freepropagating premixed flamesn i
postflame region, the temperature @hot spod is
observed taeay towardsthe nominal adiabatic flame

temperature

VR

Q h (2)

where"Yis the initial temperature ghot spob, 6 is
a constant,t 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.
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6 0'® 00 O Yo
To quantifythe effect of SAFT on NOx emissions. An
experiencdormula describing the reaction rate of thermal
NO using equilibrium model for [O] is expressed22]
QU 0
00 ®
Assuming a supeadiabatic flame temperature with
expression’Y ‘Y p T , where”Y is the adiabatic
flame temperature andis a small quantity, the ratio of
the thermal NO reaction rate at SAFT to that at adiabatic
flame temperature is:
féoras 2)
Q0 67Q0 (
where theexponentiafactoro ¢© T BHN ,whichis
approximately 35 for lean hydrogen combustion.
Retaining only the firsbrder term, this simplifies to
QU OTQO 5
QU OTQO ®)
T 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. Insteaaly
combustion technology with fuel stratification could
mitigate SAFT and fuel rstratification, thereby reducing
NOXx emissions.

0

P o pmm’Y Q7 0

p T QO

3. Synergistic Fuel Stratification and
Differential Diffusion

To demonstratethe effectivenessof designed fuel
stratification, the multslot laminar flame ofFig. 4(a) is
retained for validation. Building on the enrichment of
hydrogen and temperature at the flame root caused by
differential diffusion, fuel stratification strateg as
shown inFig. 4 (b) weredesigned to mitigate SAET

(a) (b)

—Inlet 2
— Outlet

— Wall

— Periodic

.'/X_I\I\ Vi

Fig. 4 The schematic diagrams of (a) mtdtot flame and (b) fuel
stratification with differentn-curves of inlet.

This strategy involves distributing less fuel near the
walls and more fuel at the center upstream of the
combustion zoneSome specifickecurves of inlet are
depicted inFig. 4 (b). For the specific case considered,
Fig. 5 demonstrate that the belishaped%scurve inlet
reduces SAFT by 100 kKand lowers local equivalence
ratio by 0.3at the flame root. This approach alleviates
local SAFT, achieves a more uniform temperature
distributionat the flame front and pefiame regionsand
reduces NO emissions at the outlet by 48% compared to
fully premixed combustion.

Fig. 6 furtherillustrates the phenomena of SAFT and
fuel restratification for uniform, linear, parabolic, and
Gaussiant -curve inlets. The uniform inlet exhibits
significant SAFT and fuel rstratification.The parabolic,
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linear, and Gaussiarfeecurve inlets achieve peak 4. Boundary -Layer Flashback Dynamics

temperatures of 1884 K, 1872 K, and 1855 K, with D ifferential Diffusion
respectively, and peak local equivalence ratios of 0.71, _ _ o _ _
0.66, and 0.65. Furthermore, the Gaus&aeurve inlet With the predominant micrmixing configuration,

results in a greater concentration of scatter points in the boundary flashback dynamics of hydrogen/hydregen
low-temperature zone. These findings demonstrate thatflames has recently drawn significant attentions. Recent
fuel-stratification in  advand®transferring  more studies have explored the complex interactions between
hydrogen away from stretched flarBesffectively differential and thermal diffusion, cowgd with walt
reduces peak temperatures andppmasses NOx thermal effects, and their impact on hydrogen boundary
formation. In addition, a reduction in the neawall layer flashback in ICH, swirling flames, particularly in
equivalence ratio and temperature would also diminish bluff-body swirl burner configuratiof23-25].

the laminar burning velocity near the wall and mitigate £ (s S0
boundarylayer flashbackisk. ‘ r 2
(a) e 30 > \

-8 Uniform
A

T= 150K & uy, =0m

Drocar > 043

1400 1600 1800 2000
T (K)

Fig. 7 Instantaneous issurfaces of flame fronts at t =90 mhsring
0 flashback from the case of Twall =500 K.
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I Fig. 8 Instantaneous isosurfaces of flame fronts at t =90 ms during
i 1 T T e flashback from the case of the adiabatic wall.
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Fig.5 Coﬁnt)ours a{)lr)ld mer:r; valués within the main product zone As seen in Figr andFig. 8 during flashback with
(e.9.,6fOr [0.5,1.5]) along theyaxis for (a) temperature, (b) local  =50QK, the flame front is characterized by the formation
equivalence ratio, and (c) NO mass fraction of flame tongues, which propagate upstream along the
2300 B Uniform direction of the inflow. In contrast, under adiabatic
[ Linear conditions, flashback is driven by the emergence of small
2000 Parabolic

scale flame bulges, which are convexthe 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 influening 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
‘ ‘ L ‘ Soret effect or differential diffusion under bothall

0 02 0.4 06 0.8 1 conditions underestimates the flashback speed by about

Blocal 351 75%, leading to inaccurate predictions.

Fig. 6 Scatter plot ofemperatur@ndlocal equivalence ratio using

uniform, linear, parabolic and Gausstascurve inlets with a global
equivalence ratio of 0.55
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Fig. 9 Flashback visualization in swirling hydrogen flames.

When both the Soredffect and differential diffusion

are taken into account, the presence of a radial pressure

gradient also causes tlransition of theflashback mode
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[3] H. Zhou, J. Xue, H. Gao, N. Ma, Hydrogéreled gas
turbines in future energy system, Int. J. Hydrogen Energy 64
(2024) 569582.

[4] M.M. Kratzer, S.K. Bhatia, A.Y. Klimenko, On the increased
interfacial resistance of hydrogen in carbon nanotube arrays
and its effect on gas mixture separation, J. Appl. Phys. 135
(2024).

[5] D.S. Green, A.Y. Klimenko, A moving window method for
time series optimisation, with applications to energy storage
and hydrogen production, Energy 318 (2025) 134616.

[6] W. Han, A. Scholtissek, F. Dietzsch, C. Hasse, Thermal and
chemical effects of differential diffusion in turbulent ron
premixed H2 flames, Proceedings of the Combustion
Institute 38 (2021) 2622634.

[7] X. Wen, L. Berger, F. Vom Lehn, A. Parente, H. Pitsch,
Numerical analysis and flamelet modeling of NOXx
formation in a thermodiffusively unstable hydrogen flame,
Combust. Flame 253 (2023) 112817.

[8] X. Wen, L. Berger, L. Cai, A. Parente, H. Pitsch,

Thermodiffusively unstable laminar hydrogen flame in a

sufficiently large 3D computational domaart 11: NOx

formation mechanism and flamelet modeling, Combust.

as the swirl number increases, and the flashback speed Flame 265 (2024) 113497.

shows a nommonotonic dependenas seen ifrig. 9

5. Conclusions

Hydrogends wunique transp
stratification in lean, stretched flames; the resulting local
equivalenceatio overshoot produces sugatiabatic hot
spot s, el evates ther mal
propensity. In free propagatingturbulent hydrogen
flames, SAFT exhibits an exponential temporal decay
toward the adiabatic flame temperature.

The predicted boundarayer flashback speeds are
highly sensitive todifferential diffusion and thermal
diffusion. In addition, he radial pressure gradiem
swirling flow causes théransition offlashback mode as
the swirl number increases, and the flashback speed
shows a nommonotonic dependence.

Fuel restratification, achieved by shaping the inlet
equivalenceatio profile, offsets fuel stratification caused
by differential diffusion reducing supeadiabatic
temperature and thermal NOX, depressing -mesdfr
equivalence ratio andhus suppressingthe risk of
boundarylayer flashback.
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Abstract

Laser and Optical Diagnostic techniques have advanced considerably over the last half a century. There are now esthbtished me
that can provide highly detailed measurements of quantities ranging from droplet/particle size to dynamic behaviour dbadsoso
(whether reacting or nereacting).This paperand presentatiowill outlinethree key challenges that persist: a) dealing with multiphase
flows involving closely packed particles or droplet/particle mixtures b) providing-thireensional measungents of aerosol or spray
clouds, cheaply and easily and c) how to deliver more scalable diagnostic technology that is likely to be more widelpyadopted
industry. In the context of the above three issues,ptier will show some recent results usinglti-phase optical coherence
tomographyandLED based extinction tomographyvo recently developed methods for thdimensional assessment of mydtiase

flows and finish with a few insights from the commercialization of a simple optical diagnostic iestrdor dynamic aerosol
monitoring.

Keywords:ParticleLaden Flows, TwePhase Flows, Laser Diagnostics

tomography (OCT) for measurement of particle and

. droplet populations, a method of undertaking tomography
1. Introduction for aerosol surface area and velocity measurement using

Droplet and particle laden flows are ubiquitous in LED light, and recent progress made in simplifying

combustion applications. In the majority of cases, these diagnostic methods in order to make themustdally

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

of spatial and temporal scales. The presence of a droplet

or a particle within such a tuntent flow necessitates 2. Optical Coherence Tomography for

methods that are capable of resolving both the scale of the Particle and Droplet Laden Flows

droplet, and the scale of the turbulent structures in the

flow. This is typically challenging and costly given that Optical Coherence Tomography is a westablished

droplet sizes approach the Kolmogorov scale in many method for characterization of biomedical structures and

flows [1,2], with energetic mixing behaviour occurring at tissues, however it is only very recently that this method

much larger scales. Such a situation requires either a)has been adapted for use in partieigen flows. For a

arrays of cameras in order to enable large fields of view thorough review of optical coheree tomography as a

as well as high spatial and temporal resolution or b) general imaging modality the reader is referred elsewhere

statistical approaches providing-dorrelated information [4], and here the focus is on specilaimain OCT,

across scales. Both of these approaches are possible, angdapted for imaging through mufthase media [5].
technology has now advanced considerably to the point

that simultaneous measurement of droplet sizes, .
velocities, shapes, and scalar properties of the flow (e.g.2-1 Spectral Domain OCT

temperaturg species concentration) can be achieved at Spectral Domain OCT (SDCT) involves use of a
variable degrees of accuracy [3], however a number of hroadband super luminescent diode that is split in to two
challenges still persist. components. One part of the beam is directed towards the
probe volume or sample of interest and the other part of
Beyond the known challenges of measuring scalar the peam is directed towards a refem® mirror.
properties in reacting flows where there are multiple Reflections of the broadband beam from the sample and
species and interference from the liquid phase [3] reference mirror are allowed to interfere and the resulting
diagnostic methods also suffer from 1) being very jnterference fringe pattern is detected using a

expensive, particularly where threlemensionality is  spectrometer and camera. The OCT fringe intensity can
required, which would typically requiring multiple high  pe expressed as follows:

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  Ta (k) = 2* S (k) Si_, (\/RrR, cos (2kA,)) @
where there are more than tpbases.

. o through equation 1 where S(k) is the amplitude of the light
The focus of this contribution is to present recent progress g rce spectrum as a function of wavenumber (k), RR and
made in dealing with the issue of threienensionality, RP are the reflectivity coefficients of the reference mirror

multiple phases, and cost. The contr_ibution.WiII provide ;g pth sample layer respectively. Longer wavelengths
some recent progress made in adapting optical coherence
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from the broadband light source penetrate deeperintothema x i mi zati oné deconvolution a
probe volume (or sample), hence enabling a resolution of local spray or aerosol surface area (in the
reconstruction of a sample -depth topography as a Mie scattering regime), whilst also deploying

function of wavelength. velocimetric algorithms for quantifying the speed of the
aerosol.
The Atopographyo 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 thdimensional
topography of particle or dptet 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 tpbase or three
phase mixtures.

Though the method is capable of providing very striking
images and high contrast resolution between phases, thé
speed at which it is able to reconstruct a titieensional
map is limited by the Galvo scanning speed in a
conventional poirbased OCT systenT his however can

be ameliorated by development of a line scan OCT system
which would involve two dimensional sweeping of a
beam, as opposed to thrdienensional sweeping of a
point source.

ig. 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 requiredctivert the LED light
source into a uniform sheet and that there are
particularities in shaping the LED light source given its
nonGaussian nature [7].

SLD RM
2x2 FC re CL =

gromsgeeres s l CMQS camera
NS -
S g—OL Reducing optics

Compute SP »— OCT

- e s
- SN I

: |
I

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).

Axis 2 ‘ Expanding optics

OCT, though originally developed for its compromise _
between spatial resolution and depth penetration (i.e. it is . LED
an imaging modality that lies between the capabilities of
ultrasound imaging and confocal microscopy), has only

recently been used for timreslved imaging, with 'K.! . T
substanti al data now reported : —T e authoro

group [6]. I . K ’Tz

Lot

I K} ) —— » Axis 1

3. LED based Extinction Tomography koSN e S

Whilst OCT is focused on phase delineation, and detailed . -]

topographical maps of a mixture, extinction tomography K K’ e

is a method that has been used for characterization of

highly dynamic, and more dilute fuel sprays but also for Fig. 3 Set up of dual LED extinction tomography (top) and virtual

gaseous flows in certain contextRecent work by our _deconvolutlon grid (bott_om) where K is an extinction coefficient, and T
. L is the measured transmittance

group has focused on developing an extinction

tomography system using LEDs as a light source [7]. The Recent developments of this method highlight the re
justification for this is twefold a) it generally makes the  ntroduction of a previously dated method that has found
technology more accessible to a wider market and b) itis 3 purpose for itself again, particle streak velocimetry
cheaper to hid and more scalable. Two recent (pgy) PSV has enabled this to be one of the only systems
publications [/8] demonstrate the function of this that is capable of assessing lospray surface area and
technology which uses an -mouse 6 exp gefoditg dinhuRaReously, in three dimensions. PSV is a
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method used in the past [8] prior to the advent of high 4. Simplified Dual Beam Extinction
speed cameras, given it can be used to infer the velocity o ) ) )
of a particle cluster through ovekposing a camera. When considering deployment of optical diagnostic

methods for particle laden flows that can be taken up by

The method has been found to be useful in the extinction industry, the key consideration becomes cost. The author
tomography setting as the streaks themselves still abideWill take this opportunity to illustrate a very simple

by a Mie scattering regime, and do not require additional method that has been inspired by theeds of the

sensors to enable velocity measurement [8]. Figure 4 Pharmaceutical aerosol testing industry but also other
i”ustrates the approach usedhweby a perfect|y aeI’OSO| |ndustr|es that want a Cheap, b|aCk bOX, and
spherical particle is all f@g¥8r28e®emMAdamdbee®d &Pdrudes Va
image, leading to the streak shown on the right, whoseS 0 me ot her fAindicatoro of pl ul
intensity profile can still be related to the original intensity

profile of the particle (on the left), and hence allowing its 0.2
original surface area to be obtained whilst also obtaining
a velocity (through an appropriately defined correction
factor), through the streak length [8].

0.15

[
g 0.1

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.

0.05

10

(a) particle (b) streak 0

! ! : 10 10
08 08 y (mm) z (mm) v

. ® 06 06 Fig. 6 Sample plot of spatially distributed extinction
04 e coefficient (K) at a fixed downstream position from a
0s . particle dispersion device

Beam extinction methods with well calibrated post
Fig. 4 Perfectly spherical intensity profile (left) and the same particle Processing software are a good solution for this. Such a
ismearedo as a streak across thecdonoept relidsrongttansmittance, but from two parallel

m iy beams, producing raw results as shown below in Fig. 7.
1

Post processing of this data can folloestablished
2 4 6 8 10 some degree of calibration. Such a technology has

N oW b oo

algorithms to cross correlate signals, however requires

0 -8 6 1
& (mm)

Fig. 5 Sample image of particle streaks obtained during aerosolization
of a powder

recently been spun out of the University of Sydney.

_ . The approach, though line of sight, is able to produce
Figure 6 demonstrates a typical output from the time-resolved data of bulk average particle velocity and
instrument which is a raw extinction coefficient, which  provide insights into aerosol structure. The time resolved

can be related to surface area nature also enables delineation between the plume front,
o0 and other aspects of the asol by conducting time
K= A 5:(D)Ny(D)dD 2) dependent cross correlation.

through equation 2 where K is the extinction coefficient,
S»is the scattering cross section (and equal to half the ot
particle surface area) ands{N)dD is the number of 1 il

particles per unit volume in the diameter range D to ‘ i f‘ ’\,\(MG w ‘-i ! ,
D+dD. K itself is measured through the raw transmittance ~ *%/ \ i ,I,’fyfr‘ ' \ (1]
obtained from the images, where T({l/(lo-1,) where | 3 0.98 \ 'ﬁ’{’ | I !
is the measured intensity andhd b are background and § g t‘i‘lh' l !
reference images respectively (the reference image being 5 °% \‘.*\ 4‘4 f
with the LED on, but without any flow). T is related to K = £ 41 L ‘r)‘ﬁ —
through the BeeLamberBouguer Law. LY L Ehafingl 2

0.95 1y

\

The extinction coefficient, once deconvoluted can enable o Jn\ J‘!
a threedimensional surface area distribution, and this can i
be done on a time resolved basis. Integration of this 885 508 e i 35
surface area, produces an output similar to a standard lase Time (s)
diffraction instrument. Fig. 7 Example transmittance measurements from dual beam extinction

of an aerosol
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Abstract

This review highlights the complex and evolving poheawy sett]
industries and waste sector. While it is increasingly recognised as innovative pathway for residual waste aligning nvegitbréth
priorities waste hierarchy and a circular econpthgir broader adoption can remain constrained by stronger commitments to prioritise
waste for recycle over energy recoveyear 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 peegrfuhic
policy tool that carsignificantly 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 ga#ication, particularly in white cement plantson and steel and alumina sectarberedirect combustion of RDF is not
feasible. Bchnology innovations and developmentgasification ofrefusederived fuel ash recovery and syngas cleaning and
upgrading are critical to expand the role of watgeived fuel in cement, alumina and iron/steel sectors beyond its current applications.

Keywords:wastederived fuel policy contextgasification

utilised for energy recovery (energy from wastefw),
while 26 Mt were still sent to landfills. Refuse derived fuel
(RDF) is an umbrella form for wastierived fuel,

The global transition toward decarbonisation and, Produced through mechanical processing of one or mixed
ultimately netzero emissions is reshaping industries, WaSte streams from constructiondademolition (C&D),

particularly the heavy industrial sectors of iron and steel, commercial and commercial and industrial (C&l) and
aluminium and cement. Together, these three sectorsmunicipal waste (M#/) to achieve the desired calorific
account for approximately 9% of Austrd a 6 s d o HAUE- A fyRical RDF composition includes plastics, paper
emissions; while emissions generated during downstreama1d ~ cupboard, ~wood, organic compounds and
processing of these resources overseas (corresponding t

1. Introduction

51flammable materials. RDF production categorised as
Australiabés indirect scop nlergy reé:%qrysvgltfigrbtﬁzs aSteahPTré‘rCh fhat éaIBkS t i me
| arger than Australiads t oX'gyrecyc qb[uteaoy?) S %Létgoi“_ pustraliar g g
decarbonisig these hardo-abate sectors is critical. MPlements the waste hierarchy as key a national principle

While hydrogen and green electricity present loegn [2_]' _p_o||cy approaches_ar_ld _re_gulatory framework_s vary
pathways toward netero emissions, lowgost and low significantly across jurisdictions. Therefore, it is

carbon waste derived fuels offer significant potentials to important to understand _how the_se policies _and
accelerate progress and can be a critical tisolufor regu!atlons_could gﬁe_ct RDF _produ_ctlon,_ energy yields
scenarios where electrification or hydrogen adoption is @nd industrial applications, which this review aito do

technically challenging or not economically feasible. that. . imarilv utilised th h busti
Countries like Australia, despite notable progress  RDPF Is primarily utilised through combustion or-co

recycling, continue to rely on landfilling and waste combustlonlprocelss?s /\r’:’h"? thermal Ipower plants 0;
exports. These npractices are environmentally Various scales (electric/heating) are also common en

unsustainable, and have faced international pressures botS€rs: However, Australia currently has limited large
internationallyi f ol | owi ng Chi nsinées 85310 }h%rmapopwe( glapts, W!th none are etull .

2018 i and domestically, due to the Australian operation. The first two E projects are currentlly being
Government 6s ban on ex[por thvglgpedclg Wﬁ,atqgﬁtheRNr%cglyeg $ &% million B
Therefore, there is a strong need for novel wéste financial support from Australian Renewable Energy

energy practices and the development of robust domestic?*9eNcy (ARENA). In contrast, the cement industry has

waste markets, not only to improve waste management
sector, but more importantly, to advance low carbon
development, affordable green transforimat 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
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made more significant progress RDF utilisation. Ce SA currently stands as the only Australian with a
processing RDF in rotary kilns at 14Q@50°C allows for formal standard supporting the production and use of
complete waste destruction without compromising clinker RDF. It provides a key regulatory incentive that when
quality, while RDF ash is readily incorporated into the waste materials are processed in accordance with the

clinker product. This process can reduce about 1.61 kgofst andar d, they ar e snoedl donugte ra ¢
CO; per kg of utilised RDF compared with coal, and also 6 f u[4].] As a result, such material is exempt from the
result in lower emissions in NOand SQ [3]. waste regulatory framewor k. Fu

Nonetheless, challenges remain and arise mostly fromstatement specifies that thermal EfW activities that
relatively low calorific value (CV) of RDF and the

potentialformation of atmospheric pollutants. Therefore, =%
this review also seeks to identify key opportunities and ~ terearon | alp
barriers to increase uptake of waste derived fuel in cement . oo

SA

Removed from (EOW)

industry, and to explore how this progress can be extended iy framework | VIC
to iron and steel and aluminactors to further support L tedas ¢ Classades WA
Australiabs t r a4casbor, icocolar t @ meEE T Eeos

industrial economy.

<

Eligible fuel for ¥ Eligible fuel ¥ Eligible: all ¥ Eligible:
EMW (clear) for EfW other residual Residual NSW

aste waste T ——
waste, but ¥ Prohibits the thermal treatment

Cap limit: 25
of waste for energy recovery
Mtpa
unless it is undertaken in one of

2. Opportunities and Barriers iho four nominated procincts

2.1 Potential energy from Waste gg;revllcP?ll\ll(X/;r?;tsétV{/or RDF production and its use in EfW in
Australia reports its waste management outcomer ecei v e wast e compliant with

annually through the National Waste Report, published by Recovery Criteria, and hold EPA Resource Recovery

the Department of Climate Change, Energy, the Approval are not subject to the waste I§&}y Similar end

Environment and Water (DCCEEW). Drawing on data of waste (EOW) framework is also established in

from the latest 2025 repof®], Figure 1 shows the  Queenslangb], 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 @ewmental harm

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

Waste volumes (Mt)

w O6wast ed, manufactures face si
s : related to product approval and energy valorisation.
NN H B B . —_ While SA, Queensland, and Victoria explicitly
NEW aL A wic WA ACT NT TAS . pn . .
Diposa 7 s om s w7 om  om  oas classified RDF production as a mechanical EfW process
e Em within their position statement and guidelirfes 7, &}
afiouse & 1ec ; this classification is not clearly articulated in Western
Figure2. The volumes waste for reuse&recycle, energy recover Australia[9] and New South Wale[s.o, 11} Moreover,
disposal at jurisdictional levels SA clearly recognises that RDF is an eligible fuel for

quantities of waste generated, reused and recycled, andhermal EfW such as gasification, whereas QLD, VIC and
disposed of across each jurisdiction. At the national level, WA refer to RDF use only as a preferable alternative to
Australia supports waste hierarchy as the guiding landfills for resm_iual waste. Notably, the clginty and
principle, which prioritse waste avoidance, reuse, Strength of policy comitments vary considerably
recycle, energy recovery over disposathis context, the beMeen Jur|S(_j|ct|0ns. Some prowde clear and trans_parent
quantity of waste suitable for RDF production can be 9uidance, while others remain vague and uncertain. For
broadly estimated from the volume of waste currently sent €xample,

to landfills. Based on 2025 data, NSW has approximately T QDidonly for f7esidual wasteo
7.4 Mt of waste available for RDE production. . 8 Mt in 1 VIC i &hould gon3|der r(_eS|duaI waste, unless it is not

: - . . P S shown be technically, environmentally, or economically
Queenslad, 5.5 Mt in Victoria, 2.7 Mt in Western practical for[8lmaterial recover
Australia (WA), and slightly below 1 Mt in South T WAIGEfW can be classified as ma
Australia (SA). Together, these figures represent a total thebottomastf r om t he process is recy
potential energy recovery of approximately 369,150,000 [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
2.2 Policy context the combined throughout of all operators Zomillion
tonneper financial yeafl12], later increased to 2.5 Mtpa
in 2025[13]. In NSW, EfW is prohibited except within
the four precincts, nametiie Parkes Activation Precinct,
the West Lithgow Precinct, the Richmond Valley

GJ per year, assuming an average CV of 15 MJ/kg for
RDF, as suggested by a local supplier.

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 irFigure?2.
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Regional Jobs Precinct, and the Southern Goulburn derived syngas can be retrofitted more easily into cement
Mulwaree Precinct, although the West Lithgow Precinct plants already using natural gas as the primary fuel.
was removed in 202(24]. Beyond grey cement production, RidErived syngas
From an economic policy perspectiveeasf the most also offers potentials for high temperature processes in
significant incentive driving RDF production and its use white cement, alumina and ira% steel sectors, where
in heavy industries is the landfill levy. This is because, a direct RDF combustion is not feasible due to ash
higher levy encourages diversion of waste from landfills contamination unlike in grey cement manufacturing,
when also enabling RDF pr owhereRDF san bedncocpbrated gnte clinkerg h e r
f e e 6 gthenirigthe revenue base of the RDF supply Despite its potential, RDF gasification faces technical
chain. A recent project sponsored by the Heavy Industry and environmental challenges arising from the
Low-carbon Transition Cooperative Research Centre physicochemical parameters of waste feedstock including
(HILT CRC) investigated the techreconomic feasibility high moisture and ash contents, low CV, and the presence
for RDF~derived energy, indicating landfill levysahe of chlorine, sulphur and heavy metals.€§h factors can
Figure4. The effects of each revenue/cost factors for levelised o lead to harmful emissions, corrosion of installations, ash
RDF. depositions, and generations of problematighyducts.

primary factor on the levelised cost of RDF production For instance, 1 t of RDF in a cement kiln, if compared to
(LCOR), as illustrated inFigure 3. The case study
performed under SA context estimated an LCOR of 1.85 Mg in he emission of mercury, 4.1 mg of lead, and 1.1 mg
$/GJ, assuming a gate fee referenced to a landfill levy of of cadmium [3]. Therefore, quality control and
156 $/ton. To illustrate jurisdictional variations, the homogenization are important in the production process
historical landfill levies across the five major states were and downstream integration. Previous work on RDF
reviewedand are shown iRigure4. gasification reported CV of ~ 5.5 MJ/Nwith a cold gas
efficiency of ~70% when air as gasification agent and in
fixed bed gasifier§18, 19] Sharma et a[20] reported a
decrease of calciner outlet temperature by already by 32
°C and ~8% increase in outlet gas volume at a 15% TSR
using RDFderived syngas with a CV of 3.95 MJ/Rm
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 muchwer calorific efficiency.
Nonetheless, improvements can be achieved via steam
gasification resulting syngas with typically yield syngas
with a higher heating value of 16 MJ/Nn+# [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 a[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 fiel [23, 24] Gai et al[25] found that 3660 wt%
of sulphur were released to the gaseous sulphides, while
2535 wt% of sulfur were retained in the ashes. Ferreira
de Almeida et a[26]found that major part of sulphur was
released into the gas product, but chlorine mostly
remained in the solid phase product. Although HCI and
H,S gas cleaning technologies are commercialized in

IFines) " |

Waste disposal (Trommel

180 .

120
SA
100

VIC
80

| /
ol

alb

Waste Levy ($/ton)

——WA

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

Figure3. The historical landfill levies in the five states.

2.3 Sectoispecific 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 8@0% in the
calciner, while it is limited to 5@0% in the kiln burner
[17]. Such bottleneck arises primarily from the

6gat e

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

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 srem 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. MoredBF

26

t he

other industries, RDF gasification requires specific
process conditions due to the unique composition.
Haydary et al[27] performed techn@conomic analysis
comparing wet and dry purification systems for RDF
gasification. They found that, when the removal
efficiency of tars, HCI and ¥$ practically close to 100%,
both configurations demonstrate similar economic
viability. The dry method required a capital investment of
26,6 MO with a return on i
wet method cost 27. 1Mu
of 4.3 years[27]. The analysis assumed that RDF

NV e s
Wi
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production costs were offset by waste disposal fees, with [6] 6State of Queenslandlyaste Reduction and Recycling Act 2011

202
an RDF pretreat ment rate %{ Queensla%d Gove/rnnt*netﬁnergyf%nl; V&aste gwdellrﬂzf sessment

are requ'red to evaluate the teckeamnomic feaS|b'"ty of [8] Environment Proetction Authority Victoriguideline: Energy from

RDFderived syngas with Australian RDFs and the Waste 2017.

production costs considered locaintexts. [9] Government of Western AustraliRpsition statement on waste to
energy 2020.

[10]NSW Environment Protection Authoritil{SW Energy from Waste
Policy Statemen2021.

[11]NSW Environment Protection Authorit@uide to the NSW Energy
from Waste framewori2021.

[12]the Chief Parliamentary CounselVictoria, Circular Economy

3. Conclusions

The potential of wastderived fuel in Australia stem

from three factors: (Waste Reduction and Recycling) (Waste to Energy Scheme)

1) synergies with waste management sectas an Amendment Regulationg 2024 SR No. 138/22224. -
innovative path to process residual waste, aligning with [13] 13. the Chief Parliamentary Counsel Victoria,
A t i A it t t Circular Econom (Waste Re(i uction and_Rec cllngEN(Waste to t

ustrallanos commitmen 0 f&ndly SQ:herFé) mentrfer e&nancfnsez&z b. dej20dsat €
and circular economy; 2025.

2) Decarbonisation potentiali owning to their [14]Protection of the environment Operations (general) Amendement
calorific values and biogenic factions to partially or fully (thermal energy from waste) Regulation 2022 N3U22.

| f il fuels: [15]Cement Industry Federation & Cement Concrete Aggregates
replace tossi u.e S . . . Australia,Electricity and Energy Sector Plag024.

3) Economic competitiveness strong economic  [16]Brannvoll, F. and Vasyutenko, M\World markets energy and
incentives such as landfill Ievy making RDF and RDF freight update in International Cement Conferenece Cemtech
derived syngas increasingly competitive with other ener 2020.
fuel yng gly P 9y [17]Sharma, P., Sheth, P., and MohapatraRBcent Progress in Refuse
uels. Derived Fuel (RDF) Ceprocessing in Cement Production: Direct
Firing in Kiln/Calciner vs Process Integration of RDF Gasification.

Although NSW has the great potential driven by its Waste and Biomass Valorization, 2022: p. 1-28.
large waste volume and high landfill levies, its regulatory [181Rao. M.S., Singh, S.P., Sodha, M.S., Dubey, AK., and Shyam, M.,

. . Stoichiometric, mass, energy and exergy balance analysis of
framework is not yet fuIIy supportive of such RDF countercurrent fixeébed gasification of postonsumer residues.

utilisation. Until greater regulatory harmonisation is Biomass and Bioenergy, 20@%(2): p. 155171.
achieved across jurisdiction, shtetm may lie in an [19]Khosasaeng, T. and Suntivarakorn, [Rffect of Equivalence Ratio
establishment of interstate  RDF supply chains on an Efficiency of Single Throat Downdraft Gasifier Using RDF

. from Municipal solid wasteEnergy Procedia, 2017138 p. 784
particularly through the transport of waste to Queensland  7gg P v P

and South Australia, where policy environment are more [20]Sharma, P., Sheth, P.N., and Mohapatra, B¢-processing of
mature and conducive to further growth. petcoke and producer gas obtained from RDF gasification in a

To enable broader uptake of waslerived fuel in white cement plant: A techreconomic analysisEnergy, 2023.
265 p. 126248.

cement, iron and steel, and alumina sectors, future [21]Sedighi, M. and Salarian, H\ comprehensive review of technical
research should focus on: aspects of biomass cookstovi@enewable and Sustainable Energy
1) Advancing reliable and cogffective Reviews, 201770 p. 656665. _
gasification technologies and gas cleaning for high [22]Khan. M:M-U.-H. Jain, S.. Vaezi, M., and Kumar, A,
. . . Development of a decision model for the teehnonomic
heatlng value_and Iownpurl_ty s_yngas . assessment of municipal solid waste utilization pathwdyeste
2) Exploring the valorisation of wastderived ash Management, 201@.8: p. 548564.

into valueadded products, thereby improving [23]Rotter, V.S., Kost, T., Winkler, J., and Bilitewski, Blaterial flow

both economicall outcomes and economic analysis of RDFproduction processe¥Vaste Management, 2004.
y 24(10): p. 10051021.

performance [24]Kaniowski, W., Taler, J., Wang, X., KalemiRec, |., Gajek, M.,
MlonkaeMfi dr al a, -Wo¥nyNowBk, and Magdzi
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Section 2 Clean Fuels
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On the Autoignition of Turbulent Flames of OXethylene

Fuels

H.A. Samar&d”, M.J. Duni and A.R. Masfi
1 School of Aerospace Mechanical and Mechatronic Engineering, University of Sydney, NSW 2006, Australia
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Keywords: Oxymethylene Ethers, PODENR, Auto-Ignition, Lift-off Hight, Stability Limits

Oxymethylene ethers (OMJeoffer high oxygen content and lesoot potential, but their turbulent stabilization behaviour
under practical higitemperature coflow conditions remains undggorted. This research investigates the stabilization of
selectedOMEIi n Sy dney 0s aid-dgrCoflow QJHQ) burnerleanfiguratidn (shown in Fig. 1.), leveraging
met hods established f or-sppddéhéentltinintseence {10 lddm ensaging df the ekectronicallyh
excited CH* radical is used to qui#fy lift -off dynamics, kernel formation and flasbase interaction statistics.

Pre-Vaporized Fuel Jet

Fig. 1. Jetin-a-Hot Coflow Burner Flow Configuration

A central OME jet issues into a vitiated coflow with a 60 m/s jet velocity) @hd various cdlow temperatures (d) to

map stability via the timaveraged lifo f f hei ght ( LOH) and its fluctuatio
chemiluminescence imaging, kernel statistics are studied by constructing profiles of normalized positionsffor lift
heights and nexkernel brmation.

@ Lift-off Height vs Ca-flaw Temperature (Mean L 10}
T T T T T

—B—Mathann

Lift-cff Height (x/D)

@

5 . . . L L . .
100 1150 1200 1250 1300 1350 1400 1450 1500
Co-flow Temparature (K}

Fig. 2. Stability limits of prevaporized fuels against dow temperature
It is found that increasingcllowers LOH and narrows its PDF, indicating higher stability and faster kernel consumption.

Chainlength and oxygewontent effects are evident, where relative to QMBME; requires higher & to achieve
comparable LOH, consistent with reduced autoignition propensity at otherwise similar flow conditions.
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Thelmpactof Boost onthe Combustion and Autoignition

behaviour oHydrogen andNaturalGasBlends in a CFR Engine
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Keywords : Hydrogen, Natural Gas, Boost, Autoignition, Spark-ignition Engine, CFR Engine

This study investigatehow intake boost alterthe performance of a variable compression rdtR), CFR engine
operating omatural gas (NG) with increasing hydrogen)(Ebncentation In contrast to almost all prior works, theake

air temperature isield constantwhilst a motor drivensuperchargevaries the intake boost This avoids confounding
thermalperformancempacts of boost that are not inherent since they can be addressed with greater intercooling and other
measuresA statistical analysisf the second derivative of the craakgleresolved, ircylinder pressure® 0 7Q—) is

first usedto classify combustiorregimesas normal, borderline knoc&r knockng acrossvarying boost levels,
compression ratiosCR9, air-fuel ratios(_) and H -NG blends.The net indicated powerefficiency and engineout
emissionsarethen mapped across these combustion regiRirally, we conduct combustion modellinggégaminethe
in-cylinder processes

H addition has a significant impact te conbustion regimes, consistently extending the leai &md permittingstable
combustion ahigher_. Thiscomes at the expenseiofn cr easi ng t he foeemdgasawoiystionpForope nsi
blends of up to 2 H by volume,the increase in knock propensity is margirelowing emissions and efficiency
improvementwith no material loss in powerutput(Figure 1 & 2) However the knocking tendency increasearkedly
asthehydrogen concentration is ir@asedo 50% and beyond hese observatiorsse compounded further by increasing
boostlevels expandinghe lean limitwith increasedcombustionstability whilst increasing theautoignitionintensity at

the knock limit. Additionally, the increased@ombustion temperature of hydrogen additieads toincreased NQ
emissionsnecessitatinfurther the neetb operatdearer.

The loss of power associated with lean operagaountered with the increased boost pressalsoresuling in higher

net efficiencieghanthe less boosted casebhis is explored furthein an energy balance analysigghlightingthat, at

fixed _, increasing boost reduces the fraction of energy lost as unburnt fuel, efficient, low emission and knefiee
engine operation oH /NG blends and even put¢ at lean conditions appears possible, with net power outputs that are
comparable to or even exceeding those of less bobKiezhgineqFigure 2)
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Figure1: Contours oiCoV of IMEP (%, black lines).and NOx emissions ~ Figure2: a) Peak correctedfficiencyand.corresponding cerrected net
(9/kWh, white lines); overlaid:on .combustion regimes indicating norm IMEP (black filled circlesys & ;v crlowoe qoibbasiiodreconn: incooimb
combustion (green); borderline knock:(orange) 'and knock (red) f’éAa) normal.combustion:(green), borderline knock: (orange)-and-knocki(red;

b) 1 bar,.c) 1.25 barand d) 1.5 bar boost@and CR = 10. a)NA, b) Libar,c) 1.25:bamnand d) 1.5 barboostiand CR = 10.
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of hydrogen flashback in a laminar boundary layer
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Boundary layer flashback (BLF) has been a major challenge in the development-stiEméydrogefuelled premixed gas turbine
combustors. The critical velocity gradient (CVG) model [1,2] has been widely used to predict the onset of BLF by cotisédering
incoming velocity gradient at the wall, defined'@s 'Q "YQ

Q5 —h A

where"Q;, is the CVG predicted by the modgY, is the unstrained laminar flame speed, fands the penetration distance from
the wall at which the laminar flame spe&flis equal to the flow velocity, which is usually taken to be the order of the unstrained
laminar flame thicknegs . The model states flashback occurf¥if "Qp . 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 enrichipeteridally
resulting in a higher flashback propensity and invalidatiegige ofY 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 simulati&na (DN
series of laminar waihteracting flames propagating into a lin@aposed 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, weddmearsets

of simulations with different molecular txaport models: a) mixturaveraged transport models with the Soret effect {Sbket), b) a
mixture averaged model without the Soret effect (i), and c) a unitewis-number (UL). Equivalence ratio was varied from 0.4

to 1.0 to capture trends, where thaner mixtures were expected to be strongly influenced by differential diffusion, based on freely
propagating flame studies [4]. Fig. 2 shows the critical Karvolitz number, definéd as'Q/("Y/0'Q;; J ), where the penetration
distance was modelled by the quenching distance obtained from 1D head on quenching simylatiofis (9 ). It is found that

the CVG concept is able to capture the flashback limit for the UL cases where differential diffusion is inherently syppréssed
remains order unity and approximately constant across conditiomsver, when differential diffusion is included, the CVG estimated
by the model significantly underpredicts the flashback onset under verefuelconditions. This discrepancy becomes more
pronounced with further inclusion of thermal diffusion via 8wret effect. These effects are most significant under venjidasl
conditions §  T@& @) but diminish towards fueficher conditionst§ 1@&). These findings are supported by Fig. 3. It shows a
significant local equivalence ratio enrichment in the leading flame bulge pocket focxMAe to the effects of differential diffusion

at very lean conditions. This local enhancement is further irmtlelag the inclusion of thermal diffusion effect seen in-®éret.
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 pripemeddye, the existing CVG
model must be modified to account for deviations induced by both differential and thermal diffusion in order to accediteher
flashback limit for hydrogen combustiongas turbine conditions where these effects aremegfigible.
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[1] B. Lewis, G.V. Elbe, Stability and structure of burner flames, J. Chem. Phys-27, (1943).
[2] G.V. Elbe, M. Mentser, Further studies of the structure and stability of burner flames, J. Chem. Pmi0031845).

[3] A. Kalantari, V. McDonell, Boundary layer flashback of remirling premixed flames: mechanisms, fundamental research, and recent advances,
PECS 61 (2017) 24292.

[4] L. Berger, A. Attili, H. Pitsch, Intrinsic instabilities in premixed hydrogen flames: parametric variation of pressurgeegeivatio, and temperature.
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The substitution of f ossi l-bdseddublsinhgltempgeratory pocessperepregehts ) ar
a critical pathway for decarbonising the iron and steel induBtrylate relatively less studies have investigated high H
content blends (>50%:#Hby vol.), including pure bcombustion (100% kfiring) [1-4]. These studies are rather applicable
to systems which generally operates close to stoichiometry with less excd3ssaite this, limited understanding on
how H, substitution impacthot gas generator (HG@erformance at industrial scale exist, underscoring the need for
further studies to support the green transition of pelletising technoldgjiissstudy presents a detailed CFD investigation
of an industriaiscale (7.5 MW,), nontpremixed swirl burner integrated into a HGG) for iron pelletizatidre objective
was to assess combustion and process performance under fuel transition scenarios from natural gas (NG)lém&i&G/H
(50%NG+50% H, 209%NG+80% H, 10%NG+90% H) and pure Hoperation A detailed 3D CFD model of the burner
and HGG was developed using Ansys Fluent 2024 (version R1)..Hmded 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) constaejuivalence ratio, as per NG operations. The model was verified against the plant data from
current NG operations, and detailed validation is carried on laborstafyg for pure NG, K 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 (]INO)values were significantly increased by &tidition (see
Figure 1). For NG case, it was found that the entire regggween the swirler and the bluff body achieves extinction due
to high strain. This results in efficient direl mixing prior to ignition and produces uli@v NO. In contrast, for pure
H,, the flame does not show a local extinction region and has features of a diffusion flame, resulting infpebr air
mixing. The choice of firing strategy strongly influenced process performance. Maintaining constant air mass flow (
a ) produced negligible changes in flue gas sensible enthalpy and mean temperature, thereby minimizing operational
disruption to pelletization. In contrast, constant equivalence rétio % ) operation led to significant deviations in
process conditions. Overall, the results demonstrate that the existing burner configuration can accommodate up to ~90%
H. by volume without major performance penalties, provided air mass flow is conserved. However, achieviitp 100%
firing within current NQ emission limits will likely necessitate burner redesign and optimized firing strategies. Ongoing
work is focused on developing modified burner configurations foHuttapability.
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Figure 1. Predicted values of EINO & in the HGG as a function of4¥0l% for both scenarios (&  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 tengwetature,
higher mass diffusivity, from hydrocarbons, making its combustion challenging[1]. Thefiddjty numerical
simulations of turbulent combustion play an important role in predicting turbulent flame speed and are required to predict
flame stabilizationflame shape and various consttion performance parameters such as emissions, pressure drop, heat
transfer etc. However, turbulent flows involve different length timeé 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 largessranotlimodelling small scales, employs

much coarser mesh and hence reduces computational cost. The modelling ovedrémwhs or subfilter scale
phenomena in the highly ndimear transport equations of turbulent reacting flows is very challenging endeawsefor

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 sourc~ *~ Prediction (No StraiuRate)
for thermadiffusively unstable lean premixed hydrogen flar .
Fully resolvedfreely propagatindeanpremixedhydrogenflames
aresimulatedn a classicalinflow-outflow-periodicconfiguratior
in two-dimensional cartesian domain with detailed chemistn * 2
transport models to generate the DNS dataset. Filtered DN I
is utilized to find the relationship between local the —~ T
consumption rate and relevant local fléield and mixtur ~ Prediction (No Curvature) A
quantites such ashe progress variable, flow strain rate, and fl o o 7 0]
curvature. The Gaussian filter is used, and different filter size ,
downsampling factors are taken into considerationfR]two-"
dimensional UNet is used, which is a type of convolutional ne ” 2
network (CNN) is used to extract spatial information by zoo . S— 00
in and zooming out of twdimensional DNS data snapshots fiuii
fully developed intrinsic instabiliies regime of flamFigure 1: Comparisorbetween groundruth andpredicted reactic
propagation, learning all patterns and details[1], [2]. Lod¢ate

progress variable, strain rate, and curvataee selectedas

independenparametersyhile the dependenparameters thelocal chemicalsourceterm. Theseparameterareselected

basedbn optimal parameterankings.The performanceof modelis evaluatedising R-SquaredRz) which explainsthe

difference between samples and predictions made by model. Results highlight that when the strain rate, mean curvature,
and progress variable are considered togetheR%rm:ore 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, tRé score remains relatively high, between 0.9 and 1, as can be obseRigdre 1,

showing only a slight reduction in accuracy. In contrast, when only mean curvature is included and strain rate is excluded,
the R? score drops to the range of 0088 as shown in Figure These findings highlight that strain rate plays a more
important role than mean curvature in determining the chemical sourceTteese findings can be utilized to improve

the prediction of turbulent combustion models incorporating thetiffiesive effects.
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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 metime, 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 gaghines. 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,idag 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 resdlteeondly 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/avbp7xwhich solves the compressible Navigiokes 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 flamesshrairH2 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 atmospheoevaetfion 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 computied asskeletal 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 singsmame 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.
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Figure 1 (left) shows a crossectional view of the modelled burner setup, mesh edge length, and boundary conditiofngghgedreliminary results
showing velocity in zdirection with a zoom in on the temperature and H20 mass fraction contours around the flame. The solid border marks the
bounds of the fine mesh region.

[1] S. Hermettet al,Volume 3B: Combustion, Fuels, and Emissigx8ME, June 2024, p. VO3BT04A034. doi: 10.1115/GT2028517.
[2] H. Pitsch,Proc. Combust. Instvol. 40, no. 14, p. 105638, 2024, doi: 10.1016/j.proci.2024.105638.
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The transition to hydrogebased 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 ne¢mideghs. P
combustion is attractive for efficiency and emissions control; however, premixed hydrogen flames differ significantlytfrane me
flames, particularly under lean conditions where thermodiffusive instabilities can arise. These instabilitiee dragmtne very low

Lewis number of hydrogen that introduces a disparity between mass and heat fluxes and changes local reactivity. ]attfiamodsnt

Berger et al. [1] reported synergistic interactions between thermodiffusive instabilities andrtaelthat can increase the consumption
speed up to a factor of five. Such differences in combustion behavior pose significant challengesflxitfleeloperation of
combustion systems and demand a deeper understanding of turbahemoistry interactins 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 [3tivisuadiz

the temperature field are shown in Fig. a) for the hydrogen flame and in Fig b) for the methane flame. The hydrogereélisme rev
significant supeadiabatic temperature®y( p 1 pdQcaused 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@ork focus
on turbulencéchemistry interactions at smallecales, which are mostly comparable in both configurations, despite the geometric
differences between the slot and round jet flames that lead to differenstaigeturbulence characteristics.

Figures c¢) and d) show the flame surface density conditioned on the progress variables at multiple streamwise locatibtize Towa
flame tip, both flames exhibit increasing flame thickeni@gmpared with the ordimensional, unstretched flame, the turbulent
methane flame (c) exhibits considerable thickening. The turbulent hydrogen flame (d), however, displays a reduced fias® thick
relative to the onelimensional flame. This behavior caa partly attributed to differences in turbulence decay betwleerasd jet
flames but is primarily driven by thermodiffusive instabilities. This observation is consistent with Berger et al. [1vamstdeted

that artificially suppressing thermodiffusive instabilities causes flame thickening. The final paperesgihipa detailed analysis of
flameturbulence 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 wiitibeezbod curvature. In hydrogen
flames, flame thickening with curvature is highly asymmetric. Positively curved flame segments are more reactive drentialdiffe
diffusion, leading to a steepening of progreasiable gradients compared to negativalyved 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 rediG, @8d noise
emissions while improving efficiency. Hydrogenj jHas a carboffree fuel, has emerged as a promising alternative,
particularly in lean premixed (LPM) combustion, which offers lower emissions and higher efficiency. However,LPM H
flames are prone to thermoacoustic instabilities, which can lead to severe structural engine damage. Prior studies have
shown that H addition alters flame dynamicand 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, cangpaure methane with hydrogemriched methane.

The experimental setup consists of a premixed swirl burner operated with methane and kgulriched methane from
0-100 vol.% H (HO00-H100) varying the equivalence rati® 18 T XPO47P1@0) while maintaining a constant
laminar flame spee8 . Varying the hydrogen content and the equivalence ratio varies the effective Lewis number (Le)
over a constarfh . Three different test rows witly = 24, 37, and 50 cm/s each with varying klcontent, were conducted
while adjustingkédto isolate the effect dfe across differing . In total, 18 experimental conditions were investigated at a
constant mean bulk velocity &fe= 15 m/ s, cover i ©b3go 34 & AMeynglds muenbess Re~ 1HHA0

and Karlovitz numbers of A o . Acougptip Bi@asurements were recorded using two microphones placed
downstream of the burner, while heat release rate fluctuations were captured via OH* chemiluminesceficke) (OH*
imaging using a high peed camera with a nar r oAdditbnally, dtpracsParticle imadeer a't
Velocimetry (sPIV) was used with SiQarticles and a laser to record the three velocity field components in the centre
plane at 10 Hz simultaneously to microphone measurements. Acoustic spectra shamdvagrgement with the temporal
derivative of the OH*CL (dCLselt) 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 coBstasfiich 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 figad, Semperature ratio and effective

Lewis number. These results hiigifit 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 Higigjuency thermoacoustic instabilities.
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Fig. 1: Experimental Setup (First Column). Mean OH*-CL image of stoichiometric methane/air (P100H000) and lean hydrogen/air (P047H100) flames
with same laminar flame speed (S;= 37cm/s) (second column). Acoustic spectrum of S; = 37cm/s with varying hydrogen/methane content (third column,
(a)). OASPL versus effective Lewis number Le for all cases with varying laminar flame speeds (third column, (b)).

[1] T. Shoji, Y. Iwasaki, K. Kodai, S. Yoshida, S. Tachibana, T. Yokomori, AIAA J. 58 (10) (2020) 4505-4521.
[2] M. Talei, M. Brear, E. Hawkes, J. Fluid Mech. 679 (2011) 164-218.
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The Gequation 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 th&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 Damkdhler scaling, extended to LES by
replacing the turbulence intensiwith the subgrid scale fluctuation:

Y Yp 004"
where"Y is the laminar flame speed aidandé are model constants. The constaiig often tuned to match caspecific
characteristics and thus varies across studies. For example, Shmitt et. al. [2] employ&dfor a simulation of a direct
injection spark ignition (DISI) engine fuelled with compressed natural gas (CNG), whereas Dou et. Al. [8] us&d
to simulate hydrogen combustion in a cooperative fuel research (CFR) engine.

The present investigation aims to identify the parameters govetninging a jet flame configuratiorthereby
minimising empirical tuning and enabling applicability across a broad range of operating conditions and fuels. To this end,
eight largeeddy simulations (LESs) of premixed jet flames, validated with the experimental data of Tamdonfar and Gulder
[4], were performed. These include four methane cases and four propane cases. The nozzle exit diameter and bulk velocity
were fixed at0 p @i | and™Y ¢ d 7Q respectively. For each fuel, two equivalence rati@p,and pgt, were
combined with two turbulence intensity levels, yieldd®g'yY in the ranges® @& and Karlovitz numbers & m®r
18, see Fig. 1. A uniform grid spacing®f @1 | was employed, givingj| p p®, wherg s the laminar
thermal flame thickness. The subgrid sctesses were modelled with the dynamic Smagorinsky closure.

The coefficientd 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 réquirgdl and propané p8&, indicating
a clear fuel dependence of the Damkdhler 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 flane brush thickness between i€ T8t vandT® isolines in Fig. 2. Moreover, the simulations were effective
in capturing the resolved wrinkling for low (left) and high (right)icases, as can be seen in Fig.3. These results highlight
the sensitivity of the turbulent flame speed correlation to fuel type and the qualityGaetigation modelling in capturing
the turbulent premixed flame characteristics.
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The transition toward carbemeutral 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 stabbeitdan com
of clean gaseous fuels. The stabilisation mechanism is based ehdalyffecirculation which makes use of an in induced compositional
inhomogeneity as part of the burner design. The fuel and air streams remain mostly separated until closexib plenjeto eliminate
the risk of flashback.

Initial experiments were carried out using compressed natural gas (CNG) to validate the burner performance. The restrtisedemon
a significant extension of the lean flammability limit down to an equivalence ratio of 0.4, surpassing conventiomgltistabhblds
reported for CNG. Building upon these findings, ongoing experiments are being conducted, initially with hydrogen/CNGridlends,
then transitioning to pure hydrogen.

The results in Figure 1 show a noticeable improvement in-bffwstability for the diffusion (inhomogeneous) mode compared to the
premixed mode. The diffusion inhomogeneous flames can sustain combustion at much higher flow velocities on the leanirside, rea
a maximum of about 70 m/s ne% 7. This improvement is attributed to the combined effects of induced compositional
inhomogeneity and blufbody recirculation mechanisms enabled by the novel burner design.

The stability characteristics of the burner, mixture compositional inhomogeneity along with initial results on flames stilttos
presented at the conference.
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Modelling of turbulent premixed flames with a detailed chemistry mechanism is highly computationally demanding duetio the hig
dimensionality of the Stochastic Differential Equations (SDEs) that govern the temporal evolution of the notional pattieles i
Multiple Mapping Conditioning (MMC) framework [1], in addition to the stiffness of reaction kinetics. One of the desiredigsagf
a micro mixing model is to enforce localness in both the reference and physical spaces, to ensure a proper ptiediatiarabinner
flame structure [2]. In this work, Shadow Position reference variable is employed to localise particle mixing in thee reffaEnas
it enables efficient particle selection by solely considering distances in the reference spaceméiits 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 TSE 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 tivhe © ater
referred to as slot 1 and slot 2, respectively.

Combustion products
Temperature under high temperature
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Figure 6: Darmstadt Stratified Burner configuration [4] ‘
Figure 2b: CO2 contour plot

The mixing mechanism has been evaluated using thateyoreaction model. Figures 2a and 2b show the contours of the main fuel
CH, and the major product species £ @espectively, obtained from the computational domain extending downstream from the pilot
exit. Further work will extend this implementation to the stratified TSEase, 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 iorceiricg
In-situ Adaptive Tabulation (ISAT) method, which is expected to significantly reduce the associated computational cost [5].

[1] GalindoLopez, Sebastian, F. Salehi, M. J. Cleary, A. R. Masri, G. Neuber, O. T. Stein, A. Kronehaurg\ stochastic multiple mapping
conditioning computational model in OpenFOAM for turbulent combustion.” Computers & Fluids 172 (20185110

[2] Fox, R.O. (2003). Computational models for turbulent reacting flows. Cambridge university press, 2003.

[3] Shoraka, Y., Galindd.opez, S., Cleary, M. J., Masri, A. R., Salehi, F., & Klimenko, A. Y. (2021). Modelling of a turbulent premixed flame series
using a new MMELES model with a shadow position reference variadbteceedings of the Combustion Ins188(2), 30573065.

[ 4] Avdiil, A., Kuenne, G., Ketelheun, A., Sadiki, Armstadtsmakfiedburhet , S. ,
by means of large eddy simulation and a joint AHGM approachComputing and Visualization in Sciend€(2), 7788.

[5] Huo, Z., GalindeLopez, S., Cleary, M. J., & Masri, A. R. (2019). On the validation of the TDAC method for a stochastic turbulent combustion
model in OpenFOAM. 12th AsiRacific Conference on Combustid®ydney, Australia.
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This research investigates a wide range of excitdtiEgquencies for both cyano radical (CN) and formaldehyde,Q3H
radicals in a laminar NHDME flame. This research aims to resolve the commonly encountered issue@f3BHsignal overlapping
when using CN or CkD PLIF in turbulent flames, especially in high formaldehpdeducing 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 Siraleddrecision S
Dye Laser, charged withDS698 ethanetlissolved dye, and pumped by a QuaRty Nd:YAG Pro Laser, to tune the output
wavelength over the range (36359.15) nm with a step size of 7.5 picometers. The scanned spectrum for botts iadibalvn in
Figurel.

The scans utilized the definite layer positioning for each of the CN and CH20O signals within the laminar flame. The CN PLIF
scan was performed using a 387 £ 11nm bandpass filter to block the formaldehyde signal and the CH20 PLIF scan used®a 400 nm L
filer to bl ock the CNO6s. Th eO PldFasigrsals mear 858 Infhsteadity derreasing tosvards the 3p@.15 CH
nm end, where the CN PLIF signals were stronger in the second half of the scanned spectiuBb@388) nm. Considering both
signal profiles, the excitation line around 359.03 nm was chosen for CN PLIF (with heavily reduced CH20), and the exdtation lin
around 353.06 nm was chosen for OHPLIF without CN.

This research has promising implications, as it lays down the bases for more accurateGCRETHiIn ammonia cofired
hydrocarbon flames and enables the convenience of using a single camera experimental setup for CN PLIF in tustii¢Es NH
flames; by wisely selecting a proper excitation line and proper optical filkemy previous research have investigated different
excitationdetection schemes and various techniques for CN PL4. [This is of immense importance especially with the increasing
interest in ammonia as a clean fuel option, where CN emerggzrad@ninant intermediate in nitrogehemistry combustion that can
be utilized as a reaction zone marker as shown in [1, 2].
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Figure 1. Normalized CN PLIF and CH20 PLIF profiles acquired over the rang& 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. Aldé8ombust. Flame 162 (2) (2015) 3634.

[2] A. Satija, M.D. Ruesch, M.S. Powell, S.F. Son and R.P. Lucht, Opt. Lett. 43 (3) (2018y643

[3] A. Hirano and M. Tsuijishita, Appl. Opt. 33 (33) (1994) 7i77780.

[4] R.L. Stolk, M.M.J.W. Van Herpen, J.J. Ter Meulen and J.J. Schermer, J. Appl. Phys. 88 (6) (2008Y 3608

42



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

Ignition and Combustion Characteristics of Methanol

K. Aryal', G. Zhat, K.M. Pang, S. Xi, G.H. Yeoh and Q.N. Chalt
1School of Mechanical and Manufacturing Engineering, UNSW Sydney, NSW 2052, Australia
2Everllence, Teglholmsgade 41, 2450 Copenhagen SV, Denmark
3School of Mechanical Engineering, Shanghai Jiao Tong University, 800 Dongchuan Road, Shanghai 200240, China

* Corresponding author, Emailing.chan@unsw.edu.au

Keywords : Methanol, Ignition Delay, Constant Volume Combustion Chamber

In this study, the ignition and combustion characteristics of methanol were examined usingeamipgtature, high

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

an ambient oxygen conceation of 21 vol.%, and an injection pressure of 100 MPa. Ambient temperatures were varied
between 100 and 120K to investigate autoignition behavior. Although previous studies have explored methanol
autoignition, there remains a notable gap in ttegdture regarding parametric variations within the range relevant to this
investigation [13]. High-speed schlieren imaging, OH* chemiluminescence, diffused back illumination, and pressure
trace measurements were employed to determine ignition delayff léngth, 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 r e flléngtls andImudlengthtdectkasedh at m
with increasing ambient temperature, exhibiting trends similar to those reported for conventional diesel fuel within the
tested range. At 1200 K, e x per i me nbased, measussderneamactve s s h o\
hot condition) of -dffSengh@OHRb als. e4B) nnf amd. 7a9 IN fit. 36 mm, i nd|

B 9000 550 L
5 Ignition delay - unc. 500 Ignition delay + unc. || fl‘
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Figurel: (a):Nonr eact i ng and reacting (21% O ) cases at 1100 K and 1
(aSOil) for five norreacting and reacting runs, with ignition delay and associated uncertainties indicated. (c) Intensity increment
versus time &0l for the norreacting and reacting runs shown in (b), with ignition delay and uncertainties marked.

Focusing on the 1100 K (baseline) case, par-dsappeatareee at t e
phenomenon for the methanol jet. This effect has previously been observed in Schlieren studies of reacting diesel sprays,
but not in mn-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 th 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 anceaating methanol jets, an imageocessing method was applied.

First, the spray boundaries of both reactive andmenact i ve j ets were determined (F
intensity variat ons wi thin these boundaries were quantified and
forfvenonr eacting and reacting runs are presented, with ign
shows the correspondi intensity increments (i.e., gradients) for the same runs. In both cases, intensity increases with
time after the start of injection (aSOl). For the ieacting cases, the intensity rises continuously throughout the injection

event. In contrast, for theeacting cases, the intensity exhibits a slight plateau just before rising sharply again, with the
sharp increase corresponding to the kigghperature ignition event, as confirmed by the appearance of the ignition kernel

in the Schlieren images. Deviati® between reacting and nmacting cases are also evident in the same interval of the
gradient plots.

[1] Ming, Zhenyang, Bo Liu, Xuan Zhang, Mingsheng Wen, Haifeng Liu, Yanging Cui, Ying Ye et al. Fuel Processing Te@s(@23) 107947.
[2] Siebers, Dennis L., and C. F. Edwards, SAE transacti®8v): 140152.

[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 I13§i®i{€015): 316B174.
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Introduction

The decarbonisation of heavy industry necessitates the development of transformative combustion technologies capieligyof effic
utilising carbonrfree fuels while minimising emissions. Hydrogen presents a promising pathway, yet its unique combystitiepro
including high flame speed and low ignition energy pose significant challenges for burner design, particularly conecaenataffikty

and nitrogen oxide (N£) formation[1]. This study presents an experimental investigation into the flame dynamics and emissions
characteristics of a scalelbwn dualswirl burner utilised in iron ore pelletiser processes. The burner was fed with 100%is4work
elucidates the interplay between aerodynamic strain, flame topology, and emissions to inform the desiggeoeragidan, low
emission industrial heating systems.

Experimental Methodology

The experimental facility comprises a scatfmvn, nompremixed, duabwirl burner[2], operating at atmospheric pressure in
unconfined settings. Combustion air and hydrogen streams were injected coaxially and swirled independently. The buenatedas op
at three distinct thermal input: 15, 22.5 and 30 kW. For a constant inlet fueltyelbeiglobal strain rate was systematically varied by
varying the aito-fuel velocity ratio Uo/Us), to assess its impact on flame dynamic and structure. The investigation was conducted by
methodically increasing and subsequently decreasing the inletla¢ity 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) phenomenomvas 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 dependetinwaythe pa
followed to achieve a given oing point (i.e., increasing vs. decreasing strain rate). Correspondingly, two different EINEs
were measured for a single strain rate within the hysteresis window (Fig 1b). The width of this hystenesizasgibserved &hrink
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 NG Mode (A): Characterised by an elongated flame structure resembling a classical diffusion
flame. This mode exhibited the highest flame luminosity and producedakienum EINOx.
2. Intermediate NOx Mode (B): The flame length shortens considerably as air entrainment improves, resulting in a more
compact flame and a significargduction in EINOx
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-Bighin condition effectively suppresses thermalyathways,
yielding near-zero EINOx values

10 EW

EE 2 seng @0
CR]

a 4 B
I

Figure 1. a) Regime diagram b) Direct flame visualisation for 15 kW c) Variation of kN velocity ratio

Significance and Conclusions

This work provides the first experimental evidence of a significant hysteresis loop in the flame topology besides egiiss®aofra
duakswirl, pure hydrogen flame. The discovery that a single operating condition (VR) can yield two distinct flasnerstgpetentially

with higher emissions, is of paramount importance for the design and control of industrial hydrogen burners. Understanding an
operating around this hysteresis regime could be critical to ensure stable, reliable, ®miidsion performnce. These findings
provide foundational knowledge for developing ngeheration, fueflexible burners capable of achieving ulteav NOxemissions 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 Eee2fy7/R2025) 115725.
[2] A.J. Gee, N. Smith, A. Chinnici, P.R. Medwell, Int. J. Hydrogen Energy 49 (2024]547
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Adaptation of hydrogen as a fuel for hitgmperature heating applications presents several challenges, particularly thegmal NO
production and reduced radiative heat transfer.-&gm combustion in the MILD (moderate or intense-doygen dilution) regime
addresses both challenges. ThermakhJeduced 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 thatioral ra
However, both steam and jpuoxygen are required to achieve these conditions.

This study investigates the feasibility of using hydrogen peroxid®4{Hs an oxygen and steam carrier for hydreiyetied
heating applications, since&, decomposes into water and oxygen upon heating. When compared to stanelstehoxgombustion,
the exothermic decomposition 0b® can contribute towards input heat as well, thus reducing the requirements for steam generation.
Batch reactor, perfectsgtirred reactor, and opposed flow laminar flamelet simulations are conducted over a range oftatigeese
conditions to investigate the combustion characteristics of this system. The results show that reactor ignition is etrhanasdease
in H>0O, mass fraction within the oxidiser mixture. However, even at highldontent, a rapid preheating stage does not allow
significant decomposition of the,B,into an appropriate radical pool to promote ignition within furagtevant residence times,
suggesting that external preheating or cracking upstream of a furnace may be required for pradtatid@gpl

Fundamentally, bD.-steam flames without preracking show unique flame structures when compared to the equilibrium/cracked
mixtures. Specifically, a doubleeak structure of heat release is observed in #e-steam cases, where first peak correlates with
exothermic decomposition of;:B,, and the second corresponds to the primary combustion process with the fuel. This structure is shown
in Figure 1.
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Figure 1: Profiles in mixture fraction space of net heat release rate and temperature at 15%, 20%, 25%, aDerB8%s Haction, initial oxidiser
temperature of 673K, and a strain of 100/s. Solid symbols indicate key heat release rate phehti@enstedim refers to decompodddO,, and
istdo 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 KO, 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 igisiéion in the
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 aredagisth fouling in combustion systems3JL Torrefaction, on
the other hand, enhances fuel handling properties and increases energy density, making it more suitabkctde lapgdéications [1].
While several studies have investigated torrefaction arfiting with coal [4,5], limited attention has been giventhe combustion
and fouling behaviour of torrefied biomass blends in practical fbexticombustors.

The purpose of this study is to provide foundational data to support the scaling of torrefied biomass fuels utilizagi@y in en
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 irbefxambustor under astaging
conditions. The investigation focuses on the combustion temperature profiles, gaseous emissions, and fouling depasifieftom to
biomass blend&l5% and 30% by volume) with raw biomass. Two secondary air positions (LI = 200 mm and LI = 300 mm) were tested.
Primary air (Qp) was heldonstant at 140 L-min! while secondaryo-total air ratios (Qs/Qt) were 0.33, 0.50, 0.66, Gid 0.75. The
calculated bulk densities of the fuel blends and their corresponding test labels are provatdd in

Torrefied biomass Bulk density Test condition label
blend ratio (%) (kdAm
0 (raw biomass) 713.42 R Qs/Qt
15 684.15 B 15% Qs/Qt
30 659.30 B 30% Qs/Qt

Tablel Fuel bulk density for testing conditions

Fouling deposits were collected usingeioled probes designed to simulate heat exchanger conditions, samples were subsequently
analysed using thermogravimetric analysis (TGA). Emissions @@, CQ, 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 stronglybgfluenced
the air staging strategyl he shorter primary freeboard (LI = 200 mm) promoted more complete combustion, with higher paatt bed
freeboard temperatures and a significant reduction in CO. Howvihigcpnfiguration also led to increased NOx emissions. In contrast,
the longer primary freeboard (LI = 300 mm) improved ash reduction but exhibited unstable emission patterns esdherduzl
stability at higher blend ratios. Fouling data showed high variability, highlighting the need for continuous combustiantsysieain
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 knowledggin§ air sta
strategies for biomass combustion and the fouling behaviour of torrefied biomass blends, supporting their integration &fie renew
energy applications. Future work should focus on continoepesation systems to improve fouling data reliability and to inyate a
wider range of blend ratios.

[1] Phanphanich, M. and S. Mani, Bioresource Technology, 102 (2) (2011) 12=&%

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

[3] Bach, Q-V. and @. Skreiberg, Renewable and Sustainable Energy Reviews, 54 (20i6) 665
[4] Li, J., et al., Applied Energy, 99 (2012) 3854.

[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. Ahbdeli, Sustainability, 16 (2024).
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The Modified Curl 6s ( Mi@pleclosu todthe prabab@lify density fumction ¢ptfjanrtodeM3g4]. Blowever,
traditional implementations of the MC model also epexdict the kurtosif7], resulting in a failure to predict relaxatito a Gaussian
distribution in homogeneous turbulerigg& 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 distrithito
results in a relativeBnigh 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 fullyyas in &€ s
model [6]) is reduced.

The MC closure for variabl¥ as it changes from timestégo k+1 for each particlpt hat has a fAwéManthis 0 (pr o
paired with particle is described by:

W W
Y=Y (Y ), Y ¥ ——— &Y @)
e © ) ooy M
The mixing amount is 0 a*¥ ¢ 1, which is sampled from the pAfa); conventional MC (a uniform distribution) defines
A(@) = 1. The number of particle pairs, (taken from the pool afi particles) is determined from the turbulent mixing
frequencyw (the frequency ofdecaydb s st andard deviation?:, and is the neal

1
- ~ ds

N=nbwd b fa 3-3)", a f€Apda- & )

0

The different distribution#\(a) that were tested are described in Tdbl&he trapezoidal and triangular shapes have a

constantlydecreasing probability asincreases, with the difference that the trapezoidal distribution hasaroA(a=1).
The distributions are tested for the Cabra methane fl@neigurel shows that maintaining(a) 2 0 for alla produces
more realistic behaviour and reducigdis superior, so the triangular distribution wahsa=1 is the best option tested.

Model | Uniform (MC) | Trapezoidal Uniform Triangular | Triangular
Amax 1 1 2/3 1 1/2
280 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

Table 1 Tested distributions with key parameters. The distributions are organised by increasing values of the pairing likedimetet pa
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Figure 1. Scatter plots of temperature versus mixture fraction for the models in TTahkkthe Experimerfi8]. The yellow lines indicate
stoichiometry (vertical), chemical equilibrium (upper) and the frozen limit (lower).

[1] C. Dopazo, Phys. Fluids 22 (1979)i30.[2] J. Janicka, W. Kolbe, W. Kollmann, J. N&guilib. Thermodyn. 4(1) (1979) 4B6. [3] S.B. Pope,
Prog. Energy Combust. Sci. 11 (1985) 1192. [4] D.C. Haworth, Prog. Energy Combust. Sci. 36 (2010j 288 [5] D.W. Meyer, P. Jenny, J.
Comput. Phys. 228(4) (2009) 127293. [6] R. Curl, AIChE J. 9 (1963) 87[7] S.B. Pope, Combust. Sci. Tech. 28(3&4) (1982)i 135.[8] R.
Cabra, JY. Chen, R.W. Dibble, A.N. Karpetis, R.S. Barlow, Combust. Flame 143 (20055@6.
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Hydrogen and methanol are promising renewable fuels that have been investigated extensively in an effort to reduce carbon
dioxide (CQ) emissions from diesel engines. This study provides a direct comparison of dual fuel combustion of the two
fuels in the same retrofittedlitre singlecylinder diesel engine, maintaining a high compression ratio of 17.4. The engine
was operated at 140Pm with a total energy input of 2000 J with half of it supplied by hydrogen or methanol using a
350-bar direct injectofl], and with fixed combustion phasing (CA50) at 10 °CA aTDC achieved by adjusting the 1000

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

0 °CA bTDC in the compression stroke to control hydregiemnd methanehir charge conditions. From the experiments,
hydrogendiesel and methanaliesel dual direct injectiorengines were found to share the same combustion
characteristics, indicating the pcembustion mixture making affects the combustion of two fuels in the same way. For
both fuels, variations in the injection timing resulted in three distinct combustioasnptemixed 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 hydrogediesel burn showed consistently higher IMEP/efficiency due to gas compression and higher
flame temperature. Howey, the methanediesel combustion showed lower IMEP/efficiency due to lower calorific value

and thus lower flame temperature. Regarding the ermiheemissions, both hydrogeliesel and methanaliesel

achieved reduced G@missions 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 efficiene)Oy tradeoff characteristic was evident for hydrogdiesel combustion, which
required the diffusion burning mode to keep the,N®the same or lower level compared to the diesel baseline. By
contrast, the lower flame temperature of methanol causedtav@ossult of lower NQemissions at any selected injection
timings. The hydrogediesel combustion achieved smoke and uHC/CO emissions below the detection limit of the
analysers. The methandiesel combustion also achieved more than 50% smoke reduction from the diesel jbaseline
however, significantly increased HC/CO emissions remained an outstanding issue.
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Figurel. Effect ofthe hydrogen and methanol fuel type ortytinder pressure and apparent heat release rate (aHRR) across three ide
typical combustion modes at 50% energy fraction.

[1] Kook S, Liu X, Edmonds B. Hydrogetiiesel direct injection dudlel 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 threhole nozzle orientations on sprays and combustion in metioies®#| 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 aimjgetion pilotdiesel ignition engine.
Manuscript in Review in Applied Thermal Engineering, 2025.
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Hydrogen (H) is widely regarded as a promising alternative for the decarbonisation of the transportation sector,
possessing several properties that make it-swéted for use in internal combustion engines. However, the performance
of current H-fuelled internal combustion engines is constrained by high burn rates and a tendency for abnormal
combustion phenomena. In contrast, ammoniagjMihibits the opposite combustion characteristicstartést notably
a low laminar flame speed. This makes NHpotatial candidate for managing the excessive burn rate;ehbjiines,
whilst retaining carboifree operation. This study investigates the improvement in performance measuregeimginel
when a portion of the fuel is substituted for NIA singlecylinder fourstroke engine was converted to spark ignition,
and the fuel was fumigated into the intake manifold in the gaseous phase. A Kisiféndier pressure transducer was
installed in the combustion chamber to facilitate-teak presure measurementl@ling calculation of indicated mean
effective pressure (IMEP), thermal efficiency (ITE), and cyoleycle variation, as well as monitoring of abnormal
combustion phenomena such as engine knock. Baseline data was obtained by fuelling the engineHyjthgngethis
fuel abnor mal combustion | imited the engine to a | ambda
in Figure 1 (a). NHwas then added progressively in 10% increments until stoichiometric combustion could be achieved.
20%NH3; by volume allowed knockree 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 usingApadixed total fuel
energy and CA50, 20% NHlvas shown to extend combustion duration (CA9®10) relativetopurebby 15 % at o =:
increasing to 65% at @&=1.6. This is shown in Figure 1
gi ven & wassadddd HAdditionally, species of émtst exhausted from the engine were measured using
chemiluminescent method (NO) and Fourier Transform Infrared spectrometsy \Q) NHs). The concentration of all
measured species is shown in Figure 2. Whilsg N® + NOy) emissions increased significantly with 10% Ntddition
relative to the pure ftase, minimal change was observed when a further 109aBiddadded. Due to the lean combustion,
NO; generally constitutes a larger proportion of totalyNian in hydrocarbon combustiot richera-, i ncreasing
fraction in the fuel led to less unburnt Blehd NO 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 sugamary, NH
addition significantly decreased the combustion ratd0f whi ch i n turn facilitated com
higher engine load. Increased nitrogen oxides emissions were measureghaasNtdided, which could be mitigated by
development of existing selective catalytic reduction systems.
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Figure 1. (a) Indicated mean effective pressur Figure 2. Measured engine emissions at operating
and (b) combustion duration (CA4DA10) at conditions in Figure 1: (a) NO (solid lines) angON(dotted
1800rpm, 90kPa manifold pressure. lines); (b) NQ (solid lines) and NEl(dotted lines).

50


mailto:yiyang.mecheng@unimelb.edu.au

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

Capturing Thermoacoustic Instability in a Dry Ldsmission

Gas Turbine Combustor: A Numerical Study

J. Fleget ", S. Jell&, J. HO and M. Talel
1Department of Mechanical Engineering, The University of Melbourne, Parkville, VIC 3010 Australia
2Siemens Energy Canada Ltd, Montreal, QC H9P 1A5 Canada
3Department of Mechanical Engineering, Stanford University, Stanford, CA 94305 United States
* Corresponding author, Emajiteger @student.unimelb.edu.au

Keywords : Power Generation, Gas Turbine, Hydrogen, Combustion Noise, Thermoacoustic Instabilities

Hydrogen is a promising alternative fuel for decarbonising stationary gas turbines. However, its use in lean premixed
combustion systems increases the risk of thermoacoustic instabiligsqhich are large amplitude pressure oscillations
arising fromthe 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 delfigislitfigmerical
simulations are thefore essential for predicting and mitigating such risks early in the design process.

While numerous experimental -B] and numerical [4,5] studies have investigated the impact of hydrogen on
thermoacoustic instabilities in laboratesgale combustors, there remains a gap in addressing real combustor geometries
and operational conditionshik work aims to bridge that gap by extending the validated numerical frameworksetf Ho
al. [5] and Jellaet al.[6] to a fullscale, dry lowemission gas turbine combustion system fudligdhydrogerenriched
methane. The objective is to predict stability limits as hydrogen is incrementally added to the fuel.

LargeEddy Simulations are performed with a dynamic thickened flame model and flayaakrtated manifold to
efficiently capture flame dynamics. The simulation framework transitions from ReyAwsktaged NaviefStokes to first
and secondrder temporalmplicit schemes, as proposed by Eioal. [5], to avoid numerical instabilities. To ensure
reliability, the framework is validated using Simcenter &&M+ 2410 on the combustor geometry of
Indlekoferet al.[1].

A stable baseline case using pure methane (HOOO) 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 asse#s effect on flameacoustic interactions. Results show that the combustor remains acoustically stable
up to 15 vol.% hydrogen, but at 25 volttdrogen (H025) significant higliequency dynamics (HFD) emerge, indicating
the onset of thermoacoustic instéhi Analysis of flame shapes reveals that at lower hydrogen concentrations (0, 10, and
15 vol.%), the flame maintains a8hape, intermittently anchoring in the outer recirculation zone (ORZ). At 25 vol.%
hydrogen, the flame permanently anchors in thezQd&lopting an Mshape that strongly couples with hiffequency
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 Higimer speed and extinction strain rate of
hydrogen compared to methane [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.
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Understanding the transient heat transfer of-maglinging spray flames is essential for improving thermal efficiency in compression
ignition (CI) engines. This study presents simultaneous measurements and analysis of radiative and convective headgansfe
enginelike conditions using a constant volume combustion chamber (CVCC)-dpiegd twecolour pyrometry and fastesponse
coaxial thermocouples captured flame temperature distributions and localized wall heaFflukes.details of the experentalsetup

are providedn [1]. A view-factofi based radiation reconstruction is introduced to derive both spatially resolved araavajed
radiative heat fluxes from localized measurements, explicitly accounting for flame geometry and participdiamgttenuation. The
experimental conditions included variations in ambigasdensity, temperaturéyel injection pressure and duration to evaluate their
effects on convective and radiative heat transfer characteristics. Resultsd#wgatonvectie heat transfer dominates the overall heat
transfer between the flame to wall while radiation contributed 5% 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 whniditimcreases
rapidly during the injection event and peaking near the end of injection. By contrast, the radiative heat transfer pmamataty

one order of magnitude lower, exhibiting a moderate increase and relatively steady profile. Tlidiffstience in behaviour indicates

that while radiation contributes notably to wall heat flux, its role remains secondary comparedetionrwnder the investigated
enginelike conditions. Notably, the peak timing differs significantly between the convective and radiative heat fluxes; théseonvect
heat flux peaks later, closely correlated with cumulative fuel injection effects, whieecasliative heat flux peaks earlier, indicating

its stronger dependence on instantaneous soot temperature distributions and flame radiation characteristics. FigurariiZgs wemm
fraction of radiative heat transfer relative to the total heat trafwfdifferent operating parameters. The radiative fraction ranges from
5% to 11%, depending strongly on ambigasdensity and injection duration. Higher radiative fractions are observed at increased
ambient densities and longer injection durations, conditions featuring the formation and persistencesofgegiture soot regions.
Conversely, higher injection pressuand temperature reduce the radiation fraction, indicating the predominance of convective
processes under these conditions. fiitdingsemphasize tworacialinsights: first, radiation, although secondary to convection, cannot
be neglected as its cumulative energy contribution remains significant under certain conditions; second, the fracttiveoheadli
transfer is strongly influenced by combustion etteristics determined by ambigyatsconditions and injection parameters, rather than

by injected fuel mass alone. Thus, accurate prediction and modelling of total transient heat transfer in Cl engines require
comprehensively considation of the transient, spatially resolved interactions between convective and radiative mechanisms.
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Figure 1 The evolution and fraction of radiative and convective heat transfer underléegamnditions.
[1] Jiale Cao, Xinyi Zhou, Run Chen, Shiyan Li, Sanghoon Kook, Tie Li, Characteristics of the transient heat transfegiofgimpi
flames and correlation analysis using a new characteristic velocity under Cl-gkginenditions, Proceedings of the Corstian
Institute, 40(2024)105356.
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Scramjet combustor experiments in the X3/R dualle 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 ofstabl hy per soni ¢ test flow [1] .fTldejecoampe
ingesting flow from the Mach 4 facility nozzle to simulate-paempression by a forebody [2]. Using this technique, the
overall length of the scramjet can be shortened amdubsequent combustion results are Hatgtostic.

Multiple combustion modes were observed via static-passure measurements, including seraade, jetwake
anchored, duaiode, and unstable unstart[2]lt s houl d be noted that the model 6s
designed shorter than what is required f emwodtdbbstartinraansi t i
scramjet combustor is the disgorging of flow through the inlet as a result of increasqudsstke in the combustor. The
feedback loop of an unstarting isolator withntbustion baclressure presents a more organic unstarting process than
synthetic tests that typically use obstructions and radd#ion to produce unstafigure 1a shows a positiofime-
pressure (XTP) plot representing a typical combustiofinduced 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 steadygtate 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 fosteady duatmode fuelling tests. Taking this analysis further, for a given
isolator length there must exist a backpressure beyond which the pseudoshock is force to disgorge upstream. It is
proposed that the determination of this critical backpressure @n be used as a predictive tool to forecast the onset
of inlet unstart in a scramjet flowpath. Once this critical backpressure is determined for a given combustor
geometry, the direct observation of the pressure in the rear of the isolator can be usedaal-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 reatime calculation of the rate of pressure riseQ § Q pallows
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.
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Figure 1. Left: a positiontime-pressure (XTP) plot of a scramjet unstart. Right-iéflator pressure measurements exceeding a ¢
backpressure immediately prior to unstart.

[1] S. Stennett, D. Gildfind, A. Andrianatos, R. Morgan, P. Jacobs, C. James, P. Téhi&ban 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 AAGhaviation
Forum. (2025) p. 3048.

[3] M.K. Smart, AIAA Journal. 53 (12) (2015) 35i73588.
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Direct utilization of boioff gas (BOG) in heawguty compressiofignition (Cl) duatfuel enginess a promising pathway to
improving fuel economy and reducing greenhegaes emissions. Under @levant conditions, autoigniting hydrogen jets exhibit
upstream fl ame recession before the en-dfflendh sénsitiveetewambiennGnd wi t h r
temperaturdé-2. Several hypotheses have been proposed to explain these characteristics, e.g., flame propagation asiwgére th
layer between the jet and surrounding!8jrsequential autignition via recirculatior®. This studyaims to assess the mechanisms
governing hydrogen jet flame recession and NOx formation based on numerical simulationsigiigegehydrogen jets in a constant
volume combustion chamber. The gaseous Lagrangian particle tracking (LPT) method is engplherdcterize the evolution of
underexpanded hydrogen jets near the nozzle. The piighsure hydrogen is treated as discrete gaseoigdgsairt the jet core region,
interacting with ambient gases via momentum and energy exchange. Upon reaching the end of the core region, the pamtrelescre
into Eulerian gaseous phase, which is then solved together with the surrounding floimlagans are performed in OpenFOAM,
coupled with a detailed hydrogen/air and NOx formation mechanism consisting of 15 species and 94 reactions. The isgat®on pre
(11.6 MPa) and ambient conditions (800 K, 4.5 MPa, oxygen concentration of 21%, 15% sk set to mimic the tegeadcentre
in-cylinder condition of a Cl engine. The gaseous LPT improves computational efficiency, enabling prediction and compéysisve ana
of flame structure, flame dynamics, and pollutant formation pathways undeediftegerating conditions.
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Figure 1. (a) Local heat release rate contour of the triple flame front in the snapsix@.atnns, (b) radial distributions of
temperature, mass fractions of OH, ad HO relative to the green dashed line, ik&58 mm, in (a).

The results indicate that at approximately 40 mm downstream of the nozzle, the hydrogen jet enters@omiratgd, self
similar region. In this region, predictions of nmFacting hydrogen penetration, velocity, temperature, and species mass fraction i
shockcaptured method and the gaseous LPT method show excellent agreement, confirming that the gaseous LPT approach is promising
of replicating faffield mixing. In the reacting cases, a 90 mJ laser pulse in induced at 2.08 ms to ignite the kgidropeare in the
central line at 70 mm downstream the nozzle. The flame is initiated at the laser point and propagates upstream. Tlesdlamisrec
well captured using the current setup. In both the 21% and 15% oxygen cases, the hydrogen flame tygidaitsrgpleflame
structure, comprising a rich premixed zone (RPZ), a stoichiometric mixing zone (SMZ), and a lean premixed zone (LPZ). Smooth
transitions of the heaeleaserate contours (Figuré) among the three branches suggest gstesidy flameropagation. The radial
profiles of key parameters, i.e., temperature and species mass fractions, further demonstrate-flzamhérigtiability is sustained by
the close spatial coupling of OH radical concentration, temperature, anctleese rate, wh the RPZ contributing most strongly due
to its highest heat release. Reducing the oxygen concentration markedly increases the-fiffrheiljtit and retards flame recession
speed. Reaction pathway analysis reveals that NO formation is dominatedHkrelated reactions in the highmperature reaction
zone (>2000K), with the NO 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 froniQvidifeaily
formed in oxygerlean, lowestemperature regions and subsequently converted to NO further downstream. Inflepostgions,
the thermal Zel ddovich mechani s mmestahilzds,MN® conderdratiprrincreases steadilyunti c e o
reaching a quasiteady state.
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Carbon black is the largestnanomaterial produced industrially today, primarily through the combustion of residual fuel oil. Carbon
black naroparticles are used in inks, tires, and paints, contributing to a $16 billion industry worldwide. In contrast, soot has long
been at the forefront of reseach due to its adverse hedth effeds and negative impad on the environment and Earhd slbedo. Sq,
reseach on combustion chemistry and amore systemaic understanding of carbon-based naroparticle formation is crucial not only for
better product design but also for the development of cleaner combustion technologies[1]. The complexity in moddling carbonaceous
naroparticle formation, remans a significant challenge. Soot nucleation and surface growth largely affed particle size distribution,
ard chemical compasition, which are critical for detemrmining end-product propertiesand meding emission regulations.

Here, chemical nucleation and surface growth of carbonaceous nanopearticles are investigated during pyrolysis of aceylene by
reacive molecular dynamcsat high pressure at temperature of 1350-1800 K for variousinitial fuel concentrations. The massincresse
of soot nanoparticles, having initial diameter of 37 4.5 nm, is tracked as a function of time during surface condensation of readive
hydrocarbon malecules and radicds produced by aceylene pyrolysis (Figure 1). Soat growth accderates with increasing initia
acaylene concentration and flame temperature. This temporal evolution of the soot massgrowth allows for the direct derivation of
aflumpedo surface growth rate constant, based on the hydrogen-abstradion acetylene addition (HACA) readion model [2], however,
without relying on explicit information or assumptions about the Lot surface readivity.

A surface growth rate equation is derived fiab initiod by MD smulations that follows an Arrhenius dependence with process

temperature:
1 TQ ; o0 T (ch,[ X
Y
T=1500 K

This MD-derived i #edived ate constant t=3.7ns 4ns implicitly acounts for the soot surface
readivity eliminating the need to assume or | — geran o — spedfy the number density of readive sites
and the fradion of adive sites. Equation (1) is enmployed into a monodisperse particle
dynamics model [3] acmounting for surface growth and coagulation. The MD-obtained
surface growth rate constant nicely predicts soot volume fradion meaurements in various
burners, yielding improved predictions over 100

the HACA growth rate (Figure 2).

The proposed mehodology, when '.é o <&
combined with MD-derived nudeation rates, 2 N &
can gredly simplify soot modelling by |- 27" L = 104 g a o
lumping surface and gas-phasereadions into &~ S 2 ' A 8
a shgle effedive rate constant. This approach Figure 1. apshots of soot § Figure 2. Soot volume fraction, fv, as
cen be readily applied to material synthesis, | nanoparticle formed by o function of residence tme obtained by a
enabling the detemination of surface readion nucleation and surface growth at 5 1 monodisperse particle dynamics model
rates of carbon blacks as well as a range of 1500 K with initial acetylene < using MD-obtained (eq. 1; solid line) and
inorganic naromaerials (metals, oxides, concertration of 0.1 g/cn¥ ' t broken i
composites, etc.). HACA surfgce growth rate (broken line).

The model is compared to fv measurements
0.

at various burners (symbals).
[1] K. Kohse-Héinghaus, Proc. Combust. Inst. 38 (1) (2021) 1-56. ( )

[2] M. Frenklach, H. Wang, Symp. Combug. Proc. 23 (1) (1991)1559-66.
[3] M.R. Kholghy, G.A. Keleddis, and S.E. Pratsinis, Phys. Chem. Chem. Phys. 20(16) (2018) 10926-10938.
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Biomethane, purified from biogas, is a promising carbentral alternative to natural gas [1]. However, impurities
such as siloxane, formed due to the anaerobic digestion of silowat&ning feedstock, can still be present in
biomethane. During biomedihe combustion, these siloxane impurities decompose to form silica nanopatrticles. These
particles would deposit through thermophoresis and cause significant negative effectsuee apgliances, such as
fouling, deactivation of key sensors, and overingdP-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 premiture of siloxane, natural gas, and air. It uses a novel syringe-palgiservapour 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 aesol. The burner has a transparent observation window and an internallycoaita, height
adjustable sample probe. The exhaust system includes a HEPA filter and an inline fan to contain the excess silica patrticles.

To verify the siloxane concentration, gas samples of the combustion mixture are captured with sorbent tubes and
analysed with gas chromatograpimass spectrometry (GRIS) in accordance with ASTM D82310 [4]. The experiment
test cases include two siloxaoencentrations: 232 and 930 mg Si/msing 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.
Postexperiments, silica deposition on the prabanalysed via mass measurements, esestional images with a high
maghnification camera, and particle morphology images with scanning electron microscopy (SEM).

SEM and highmagnification camera illustrate a highly porous silica deposit of thickness approximatelyn2&fier
3 hours of deposition at HAB=20cm with siloxane concentration of 930 mg [Filgn 1]. Figure 2 shows the deposition
layer thickness extracted based on cigmgional images [e.g., Fig. 1(b)], as a function of deposition time. Results indicate
increasing thickness with experiment duration and siloxane concentration. Overadixpement, sampling, and
measurement methods provide a process to quantify silica nanoparticle deposition based on various experimental
parameters. This approach enaldeomprehensive study of silica nanoparticle behaviour during the deposition process.

500 - siloxane concentration
(mg Sifm>)

232 930
400 + i

300

Layer thickness (um)

2 4 6 8
Experiment duration (hours)
Figure 1.1maging results for 930 mg Sifra2 after 3 hours duration at HAB=20cm an¢  Figure 2. Layer thickness variation for L2 siloxane
stoichiometric conditions. (a) Scanning electron microscopy (SEM) image. (b} Cro: at HAB=20cm for concentrations of 232 and 930 r
sectional image from higlmagnification camera. Sifn®.

[1] R. Dewil, L. Appels and J. Baeyens, Energy Convdiamag. 47 (13) (2006) 1711722.

[2] N. Nair, X. Zhang, J. Gutierrez, J. Chen, F. Egolfopoulos and T.T. Tsotsis, IndCE#m. Res. 51 (48) (2012) 15786795.

[3] S. Gersen, P. Visser, M. van Essen, M. Brown, A. Lewis and H. Levinsky, Renew. Energy 132 (20385575

[4] ASTM International, ASTM D82309: Standard Test Method for Measurement of Volatile Siti€ontaining Compounds in a Gaseous Fuel
Sample Using Gas Chromatography with Spectroscopic Detection (2019)
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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 [1i 3]. During combustion, these VMSs transform into sgqlithse silica nanoparticles (SNPs) and
thermophoretically deposit on relatively colder surfaces irfigad appliances, resulting in premature appliance failures,
higher emission levels, and performance deafiad [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 combustianderstand 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 domesficeghappliances. SNP formation is
simulated using populatidmalance modelling, accounting for SNP growth by nucleation, coagulation by coalescence, and
surface growth. Particle deposition is modelled using thermophoretic deposition prindigiesl of four cases is
modelled based on different [VMS] levels, dsjtion surface temperaturesr(), and various heights above the burner
(HAB) locations. The simulated cases ([VMSY,, HAB) include: 1) Case 1 (56.3 mg S#n338 K, 20 cm), 2) Case 2
(56.3 mg Si/m, 1100 K, 20 cm), 3) Case 3 (56.3 mg Si/fil00 K, 2.5 cm), and 4) Case 4 (0.45 mg SifmM00 K, 2.5
cm). Data along the first cell nodes adjacent to the modular probe lé@yitu) [Fig. 1(a)] of the deposition medium are
extracted and pogtrocessed 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 improvedyaeowtae deterministic
algorithm, with the random seed fixed at 500 to ensure reproducibility of the results.

Particle mass&( ), number concentratiori (), and thermophoretic velocity () are found as the key parameters
governing SNP deposition in appliances. The results show that the particdgenerally decreased when the deposition
surface temperature is increased [Fig. 1(b)]. A strong correlation betweemd 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 casés, is identified as the dominant parameter governing SNP deposition, followed,by
and& [Fig. 1(c)]. This trend persists regardless of HAB location ahdThe above indicates that the temperature
gradient has a lower importance compared with pasntellted properties, which has important implications for modelling
and developing mitigation strategies.

20—
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(a) (b) (©)
Figure 1. (a) Schematic of the experimental setup showing the relatively colderevated probe (WCP) and SNP distribution/deposition within the
burner enclosed by the glass pipe (GP){(b)variation for Cases 1 and 2, and 3) contributioct of 0 , andd on SNP deposition. Her® denotes
the 36 mm modular WCP length, which was detachedg@qstriments to analyse SNP deposition layer characteristics.
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Soot formation in combustion processes continues to pose challenges for both environmental sustainability and humaidealth. W
soot surface growth, coagulation, and oxidation are relatively well characterized, the initial nucleation step remainsceigaiy
due to the difficulty of directly probing incipient particles in flames. Even though polycyclic aromatic hydrocarbonsgAésieved
to be the main contributors driving nucleation, the mechanism governing the transition frpimgas?AHsa solid nuclei is still
unclear. Moreover, PAlbased nucleation models rely on detailedgfzsse mechanisms involving numerous species and reactions,
making them computationally expensive and impractical forweeald applications. Serempirical GH,-based models [1] often fail
to generalize at combustion conductions beyond the range for which they were developed. To address these limitatimlys, this st
derives an eastouse Al umpedod nucleation rate of i yhenei pgrolysis dsingsreactite nanop
molecular dynamics (MD) simulations. This strategy has already been successfully applied to describe carbonaceousenanoparticl
formation duringn-heptane pyrolysis at high temperature, [2]. Here, MD was employed to investigate soot nucleation during acetylene
pyrolysis over a flameelevant temperature range (120800 K) and at different acetylene concentrationih the nucleation rate
obtained by tracking the formation of clusters over time. The resulting rate was expeeaseaiction of acetylene concentration, a
key intermediate in hydrocarbon combustion. This @l wackmgdo f or
intermediates or assuming specific PAH precursors.

To benchmark the proposed Mizrived nucleation model, a hierarchical framework was employed in whigbhgae chemistry
was first solved using ordimensional CHEMKINPr o si mul ati ons of a methane nucl eati ol
temperatureand species concentration profiles, together with theddflved 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 acetyl~—~ 30

concentration, as obtained from MD simulations during isotherm " - === Jyp = Kyp [CoHI*® s
acetylene pyrolysis. The nucleation raig,, exhibits a strong dependence & T K Kup, (105 7/ kanols) o
on the initial acetylene concentration, with an apparent reaction orde # 244 _ 12‘00 Mo 1.493 S
3.5, and minor dependence on temperature in the range ofl8200K, o 1400 1'677
corresponding to an average nucleation rate condtanto f 1 .%2 9 "2_ 18] & 1600 1922 o', v
8 Q - N ’/t/ ,
3: =5 <1800 0.802 A
n I Rt -
0 — pRwPm 0 8 @) £ 121 g0
a i 5 D,,/",”é
The MD-derived nucleation rate (eq. 1) was evaluated in a nucleat g 6- " e -&
flame ¢ =1.95). Figure 2 shows the soot volume fraction predicted usi © P A0
the MD-derived rate (Eq. 1, solid line), the seempirical MossBrookes z o H- <&
nucleation rate (broken line [1]), and experimental measureme U . : . .
(symbols [3]). The sergmpirical MossBrookes modelsignificantly 1.5 20 25 3.0 35 40 4.5

overpredicts soot levels by nearly three orders of magnitude. In cont
the MD-informed particle dynamics model predicts a soot volume fracti._. ) o i
of ~0.8 ppt at 5 cm above the burner, consistent with experimental veFigure 8. Nucleation rate, o, of incipient soot nanoparticle
of 0.01:0.14 ppt across-4.5 cm, thereby validating the propose 1000

Initial acetylene concentration, [C,H.],, kmol/m?®

nucleation rate under nucleatidominant flame conditions. Nucleation flame (¢ = 1.95)

The lumped soot nucleation rate obtained by reactive MD nic g 100 4 e mm = ——
predicts the experimental soot volume fraction, when incorporated < ="
a particle dynamics framework, without requiring full resolution of t| = ’°
detailed chemical pathways. The proposed hiereathinodelling § 109
offers a practical alternative to seempirical or detailed kinetic G !
models, supporting the design of cleaner combustion technologies £ 14 "
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Figure 9. Soot volume fraction,,fas 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 amafidate 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 sootlel. 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 expereasatsbly, 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 indpeait tine 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 investigatedraafgrime
These are simultaneous injection (i.e. no delay), as well as 1, 2, and 3 ms relative to the pilot fuel injection.utlsdconcl
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.

Soot (ppm) Temperature (K)
0.0 25.0 >50.0 < 500.0 1650.0 > 2800.0

Figure 10: 2D slices from the present CFD model (Left and Right) showing <
distribution of soot and temperature field compared to the Schlieren imaging side
the experiment from CVCC at the UNSW (Centre). The luminous part of the Si
image correhtes well with the occurrence of high temperature soot in the model.

[1] Zhai, G., Rorimpandey, P., Pang, K. M., Kook, S., Yeoh, G. H., & Chan, Q. N., (2025). Fuel, 399, 135613.
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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 supphyL crossection geometry and airflow velocity affect flame behaviour, and in

consequence, the heat release rate (H'RR, which is a crucial parameter in the quantification of fire haZdidand the theoretical is defined as:

0 @A )

wheregis the combustion efficiencgp His the heat of combustion a@t is the fuel mass ratExperiments were carried out for a fixed
propane supplyof I26L mi n T, and | ongi t ud i lnOanls. Thesawvalues cartespondto 87e9d7 o0 c i t
MW of HRR and 1 5 m/s of velocity by using fire scaling laws, respectigly 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 waassired in the ventilated
model tunnel were lower than those measured in abfseeing gas burner. At the highest ventilation conditions, HRR
tends to a fredurning value.

As ventilation velocity increases, the €éncentration 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 obsemtseh the HRR is scaled up to the full scale, which is highlighted

in Figure 1.
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Fig. 1. Heat release rate variations at different tunnel ventilation velocities

The observed drop in combustion efficiency in mestlle and lowvelocity airflows may be a consequence of the incompatibility of the fire scaling approach. Whereas the
buoyancydriven flow dynamics may follow Froudeased scaling, the consequential intp@e the combustion process throws doubt on the basic assumpﬁcrﬁgf.
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 ettapolating the smatcale tunnel fire tests.

[1] J.G. Quintiere, Fundamentals of Fire Phenomena, John Wiley and Sons, 2006. https://doi.org/10.1002/0470091150.
[2] J.L. Torero, ScalindJp fire, Proceedings of the Combustion Institute 34 (201B129. https://doi.org/10.1016/J.PROCI.2012.09.007.
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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 tierbservice life, it also poses a significant fire safety concerrR@¢ent studies suggest

that prolonged selustained smouldering is more critical in C@Aated wood podire damage scenarios [3]. The
identification of additive compounds capablengfigating the smouldering behaviour associated with CCA treatment is
essential to improve the fire performance of treated timber. These smouldering inhibitors mudtlaelmainie (e.g. using

water repellents), should not affect the durability of thdd&nand must not compromise the flaming combusBased

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 @BX¥\) 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 flaminglrebbCCAtreated wood

with these species using cone calorimeter tests under a
release rate (HRRP), and total heat release (THR) over 30 minutes. Radiata pine timber blocks measaming 100

mm x 23 mm with a density range of 530 to 550 KgWere 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 dtdoweéks, achievingad éguilibrumat i v e
moisture content of 9.5%. Cone calorimetry results are presented in Table 1, based on the findings from three replicates.
All smouldering inhibitors improwe 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 astaanepellent agent, had no measurable impact on the flaming
behaviour.

Tablel: Cone calorimetry results of CC#eated wood with potential smouldering inhibitor additives. Untreated wood andt@@#ed wood
without additives were used as controls.

Treatment TTI (s) HRRP (kW/m? THR (MJ/m ?)
Untreated wood 108 1221 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 bafieryered devices/vehicles, such anebility devices and EV vehicles
However, with rapid growth comes increased risks, especially combustion hazaotsbaiteries have the potential to undergo thermal
runaway [ 1]. AiTher mal runawayo is a term that r e f aureghattino t he ¢
turns increases the chemical process, causing a positive feedback loop typically ending in dramatic thermal failuteeof.tmaiba
can result in intense fire events, rapid increase in pressure, explosions of batteries, high vdlanigseand potential production of
explosive mixture of gases [2] that is challenging to address within our current firefighting/suppression abilitiese Theng atudies
in the scientific literature to understand the burning characteristicsiai batteries, but the reliability and consistency of these
measurements can vary significantly across studies. This is due to the inherent noise in data and unpredictabilitpwotiveobeh
such thermal event, requiring the need to a framework to doatese 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 typeshtdat des
that specific thermal event. This framework is used to compare results including cell temperature rise, energy relelasss améss
the chemical composition of solid ejecta. The experimental methodology and energy releases calculations were developedeby Qui
[3], and the chemical composition of solid ejecta was conducted usin@ESP Liion 18650 cells without its pitic covers are used
for this study. Five different states of charges (SOCs) were considered for this study: 100, 80, 60, 40, and 30 %iasdxfere tr
conducted for each SOC. Figure 1 shows a compilation of a still taken about one second aftéoftetiermal runaway for the
experiments conducted in this series of experiments showing the stark differences in thermal runaway behaviours betWwéén SOCs.
framework not only aids in interpreting the noisy data typical of battery fires but @lgid¢s an understanding of how battery fires
behave by linking the experimental results to the scenario types.

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5

SOC100

SOC80

Figure 1. Compilation of the different types of thermal events

[1] P. Sun, R. Bisschop, H. Niu, X. Huang, Fire Technology, 56 (2020)-136Q
[2] Q. Sun, H. Liu, M. Zhi, X. Chen, P. Lv, Y, He, J Power Sources, 527 (2022) 231175
[3] J.G. Quintiere, Fire Saf J. 111, (2020), 102911.
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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 geater 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 inhiimg or suppressant enhancing chemicals, water remains the cheapest, most readily available
and ecologicallysound fire suppressant [1]. However, very little information is available on the general effectiveness of
water as a suppressant of bushfiredierfactors that influence its effectiveness. As we move to an era of increased demand
for costeffectiveness, the need to be more efficient in the use of water in bushfire firefighting, particularly during periods
of extended landscape drought, will becamare 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-tenign flame retardants [2] in which the extinguishment performance of the
chemicals under study weebenchmarked 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 absolwéfectiveness. 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 rases of spr

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-bfifréeeg fires spreading through natural bushfire
fuels. The 7.2n-long, 4m2-crosssection 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.rikar these experiments, the air speed was 1:banda fuel bed consisting

of dry eucalypt foresttiier 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 nhand five replicates of each. A bespoke suppressant application system [1] sprayed water at a known
rate over an area approximately 1.5%m.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 waspleed as needed to ensure spread was stopped.
The total mass of water was recorded and compagaihst various metrics of fire behaviour for each fuel load (Fig. 1).
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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 .5 kg m* 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.

[1] M.P. Plucinski, A.L. Sullivan, R.J. Hurley, Fire Safety J. 87 (2017)/81
[2] M.P. Plucinski, A.L. Sullivan, Fire Safety J. 143 (2024) 104056.
[3] A.L. Sullivan, I.K. Knight, R. Hurley, C. Webber, Exp. Therm. Fluid Sci. 44 (2013) 264
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The ignition of solid fuels is a problem that incorporates the process of pyrolysis and subsequently the ignition ofeflgazaabl
in the presence of a pilot. The theory commonly used to characterize solid ignition is largely based on constanatadiadtlever,
in many applications, such as bushfire exposures, solids experience transient heating conditions. The following inlestjgaims
behavior of bushfire rated door materials under a range of transient heat flux exposure conditienies. dvisen variables such as
thermal inertia, combustibility of outer layers, moisture content (MC%) and many others can also impact the likelihdtahof ign

One such instance of the complex interaction between fire and the ignition of materials is the radiative element & attauwshfir
upon building materials. Bushfires design curves are difficult to quantify, as a range of parameters such as vquetatapetsand
weather can impact how severe a bushfire becdibpedS1530.8.1 provides a testing curve, which dictates antimoite exposure at
a dictated Bushfire Attack Level (BAL) heat flux, before reducing over aminete period2]. The standard also dictates material
properties such as moisture content. A range of design curves have been proposed to represent bushfire attack, wheneathe dura
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 ddfbreartd the
of different exposure curves. The surface finishes tested were the proprietary finish on the door as bought, the iphirtirog thie
door with a typical black exterior paint and the effect of sanding off the finish to expose the underlying MIMC%hiested were
until oven dried or steady state with the lab. Through the FPAs ramping ability, the curves within AS1530.8.1 wereuedted, as
reversal of the curves and a longer duration curve. Heat Release Rate (HRR) and Mass Loss Data {MbRjnea 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 exposwesefonv
samples that were painted black did ignite and, in some exposures, the sanded MDF samples also ignited. Thesedeswvidgrowi
that the outer boundary layer does impact ignition time, likely due to the critical heat flux (CHF) and thermal inezttaoahthary
material. The results also provide evidence that the heat dose the material is exposed to impacts tleWan ghowing exposure
provides time for a larger volume of moisture loss, leading to a lower heat sink as the exposure grows to the CHF.t@darkezrds
pyrolysis gas formation and subsequent ignition. In a similar fashion, samples that wedsiedegenerally ignited earlier and the
difference was less pronounced for longer exposures. Variables such as paint finishes, MC% and differing exposurexatwvebe ind
of the final use of a building. By gaining a preliminary understanding of howialatkehave when deviated from standard conditions,
designers can be provided another level of understanding for fire risk assessment.
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Figure 1. Summary of TTI for differing exposures and variables.

[1] J. Leonard, "Proposed testing methodology for a whole house assessment for flame zone equivalent performance in A$895201CSI
[2] Standards Australia, Construction of buildings in bushfire prone areas, 2018.
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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 phaségat transfer to the solid ahead of the flame front, and the kinetics-phgas oxidation in the flame itself

[1]. Increased complexity in describing the flame spread process is introduced by the intrinsic couplinghakgand
solid-phase processesGiven 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. Suabiss 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 dfatine controls the flame spread rate. While such thermal
models have yielded significant insight into the functional relationship between various factors (e.g., external heating, flo
velocity) and the flame spread rate, these models lack reliable predaztpabilities [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 ceplpae gasl
solidphase measurements were taken using optical diagnostic techniques. Solid phase temperature measurements were
taken using phosphor theometry and gaphase temperature and/®, measurements were achieved using Hybrid
Rotational Coherent Anstokes Raman Spectroscopy (HRCARS) [3]. The solid and gas phase temperature measurements
were coupled to provide a high degree of spatial resolatidiresolve the heat transfer from the flame to the solid. These
technigues were applied to a wetldied case of downward flame spread over PMMA [2], providing greater measurement
capabilities then provided previously in the literature. Example resaiftde 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.
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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: Confeesneel S2885, no. 1,
p. 012001. IOP Publishing, 2024.

[2] Morrisset, David, Rory M. Hadden, and Angus Law. "Quantifying the controlling mechanisms of opposed flow flame spreack bifréentation,
material, and external heating." Fire Safety Journal 142 (2024): 104048.

[3] Padhiary, Abhijit, Joshua Collins, Anthony O. Ojo, David EseMattin, Andreas Dreizler, and Brian Peterson. "An experimental investigation of
the thermal flame structure during sigdell quenching of a laminar premixed flame." Proceedings of the Combusstitute 40, no. ¥ (2024):
105376
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Smouldering of timber elements concealed behind encapsulation presents a latent fire risktimbeadsuildings

because the process is flameless, persistent, and difficult to detect or suppress once established. This work reports a
laboratory investigén of selfsustaining smouldering in encapsulated ctassinated timber (CLT) subjected to
controlled preheating and oxygen environments. We aim to quantify thrabighness smouldering front velocities using
thermocouple (TC) measurements and exartieesensitivity 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/n?. Each specimen contained seven #(€&Cs 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 sefustaning smoulderig was then observed. The test chamber oxygen was controlled, and
successful smouldering propagation occurred at and above 18.45#hi®@ 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,"Y ¥ o mtho vh tho v T™°C, was obtained, and a leasfuares fit of depth versus arrival time gave the
isotherm velocity. Propagation was deemed-setftaining if isotherms advanced after heating withdrafigure 1

presents the average smouldering front velooitycalculated for each isotherm and oxygen concentration.
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Figure 11: Smoulderingront velocity measured for each isotherm at different oxygen concentrations.

The observed sensitivity af to oxygen concentration is consistent with oxydjemted 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, locaj@exyavailability, such as leakage paths and ventilation states, may

be a critical control on posteating smouldering persistence. The results show that the sensitivity to smouldering
propagation is nofinear with oxygen concentration. From an engineepeagspective, this underscores the importance

of encapsulation integrity and detailing that limit oxygen ingress to concealed timber.

[1] ASTM International, ASTM E20589: 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, fitg| dedsmoisture
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 rdels[1]. However, one of the major problems that CfbDdelling in fire safety engineering
continues to encounter is the complex interconnett&ween the combustion process and the natural environment, which
makes accurate fire simulation extremely challengih 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 ordgndfide 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 nrogekes great difficulty in model

design and requires significant computational resources to carry out the simi@htidany 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 largecale eddies directly and models the sraadlle ones using Subgrid Scale (SGS) mo@ldn

this way, LES modelling of fire problems can maintain a balance between accuracy and efficiency by focusing on resolving
large energycontaining eddies over the computational mesh, while the SGS flow motions that are potentially less
important are moelled 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 environmerstuch as a ventilated cavity scendgdh 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 propagdtesdataty, 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. Thisemizkésdv

cavity fires an extremely dangerous fire hazard. Therefore, correctly predicting theatidagat transfer has been a focus

of ventilated cavity fire research, as total incident heat flux from the gas to the wall controls the pyrolysis, @adttion

thus significantly impacts the upward flame spread velocity and flame 1igjdijt

This research investigates how CFD mesh resolution impacts thevakkaeat transfer simulation for the lower laminar

region of a ventilated cavity fire scenario. An ofggmurce CFD modelling tool, Fire Dynamic Simulator (FDS), will be

used to conduct ¢hsimulation. FDS was first released in 2000 and has been extensively used for fire dynamic modelling
in industry for performanebased engineering evaluation and in academia for researching fire dyfidmiidse research

will be carried out in two stages. In the first stage, a simple inflow along a vertical inert wall surface model will be buil

to investigate how the different mesh resolutions impact the temperature, flow velocity, incident heat floryentive

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 previousamoustible ventilated cavity fire experiment
conducted by Mendez in 2028]. The model will be discretised into three regions: a turbulent region, a laminar region,
and a neawall region. The focus of this stage will be on how different resolutions impact the incident heat flux,
temperature, flow velocity, and flame height. Tl goal of the research is to explore whether the use of finer mesh
resolution improves the simulation accuracy of ngall heat flux in the laminar region and to establish guidelines for the
minimum required mesh resolution in capturing Asall heattransfer phenomena.

Reference

[1] J. L. Torero, ScalindJp fire. Proceedings of the Combustion Institute 2013. fl B89

[2] J. Wolfram, R. Guillermo and J. L. Torero, The Effect of Model Parameters on the Simulation of Fire Dynamics, iss®ni&d.) 9th International
Symposium on Fire Safety Science, International Association for Fire Safety Science, KarlsruheyG2o6&rpp. 1341.352.

[3] K. McGrattan, S. Hostikka, J. Floyd, R. McDermott, M. Vanella and E. Mueller, Fire Dynamics Simulator Technical Reelidecéolume 1:
Mathematical Model, 2024.

[4] K. McGrattan, S. Hostikka, J. Floyd, R. McDermott, M. Vanella and E. Mueller, Fire Dynamics Simulator Technical Re®erielecVolume 3:
Validation, 2024.

[5] K. Benjamin, J. Wolfram, B. Matthew, K. Panagiotis and R. Guillermo, Fire Inside the Cavity offleunable Facade: Stdyy-Step Development
of Multiphysics Computer Simulations, Fire Technology, leljis://doi.org/10.1007/s1069P4016802(2029.

[6] K. Livkiss, B. P. Husted, T. Beji and P. Hees., Numerical study of alfiken flow in a narrow cavity, Fire Safety Journal 108 (2019) 102834.
[ 7] K. Mc Gr attan, S. Hosti kka, J. Fl oyd, R. Mc Der mot t , M. Vanell a andc
[8]J. E. Mendez, D. Lange, J. P. Hidalgo and M. S. McLaggan, Effect of cavity parameters on the fire dynamics of fegadeted-ire Safety Journal
133 (2022) 103671.

71


mailto:uqhfang1@uq.edu.au
https://doi.org/10.1007/s10694-024-01680-z(2024

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

Orientation Effects on the Burning Behaviour of Wood

J.Maddet *, D.Morrisset, F.Wiesnet, W.Wu!, R.Hilditch®, and D. Lange
1 School of the Civil Engineering, The University of Queensland, QLD 4072 Australia
2Department of Wood Science, University of British Columbia, BC V6T 1Z4 Canada
SHalliwell Fire Research, Level 9/160 Ann Street Brisbane, QLD 4000 Austi@digesponding author, Email:
Joshua.madden@student.ug.edu.au

Keywords : Wood Combustion, Fire Safety, Orientation Effects, Pyrolysis

The burning behaviowf wood is dependent on an ensemble of heat transfer, mass transfer, and chemical phenomena.
Pyrolysis primarily begins between 22%35°C whereby volatile species including carbon monoxide, carbon dioxide and
methane are released and with the aid ofat hition source, may result in flaming combustion [1].

Under onedimensional heating conditions, woods burning behaviour can be typically categorised into two different
regimes: transient and quasi steatigte [2, 3]. Quasi steadyate conditions will be reached when the heat feedback
from the external heatource/flame feedback generates pyrolysates at a constant rate which is greater than the critical
mass loss rate for sustained flaming [4]. These quasi s&atdyconditions occur due to the char reaching a constant
surface temperature resulting in camgtheat 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 pyrolysatiea steadystate, largely driven by the external heat source and flame
feedback.

In a horizontal normal (facep) orientation, buoyancy forces act in a normal direction away from the flame surface.
In a horizontal inverted (faegown) orientation however, the buoyancy forces act in a norma direction towards the
surface, pushing the fiee towards the sample surface, enhancing flame feedfjdcKkThis also has counterintuitive
effects in this inverted orientation with less diffusion of oxygen into the boundary layer, increasing the likelihood of
guenching of the flame [5]. Limited rearch 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 FifBropagation Apparatus (FPA) [6 txplore 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 thea®/CO

under exposure to an external radiative heat flux of 60 BW/mRe s ul t s hi ghlight key differ
between both orientations. Despite steathte heat release rates being similar for both orientations, significant
differences in the CO/CQatio were also observed.
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Figure 1. Impact on Orientation on the Heat Release Rate Per Unit Area (HRRPUA) and the COf@atid at 60kW/m?.

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 centation to improve design processes.
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Composites are among the most widely used materials in manufacturing and consffbetyoare generally easy to produce,
have good mechanical properties, and offer reliable performance. The incorporation of fibers within the matrix furthes dérdsmnc
characteristics. Fiber reinforced composites are used across numerous indudtr@iegiaerospace, automotive, construction, and
maritime sectors [1]. Howevewith the growing global emphasis on adopting greener and more environmentally fakedigtives,
natural fiberreinforced composites have gained popularity. Nevertheless, their flammability remains a concern, limiting their
applications.

Limited research has been conducted on wadsed coatings in the literature. As such, this study aimed to explore the applicability
of waterbased coatings, specifically ammonium polyphosphate, which has already been established as anireffettveait [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 heatinghgas compared to
more traditional fire retardants, such as silica gel and silicon dioxide nanopatrticles.

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 conditiangating cir
airoven at 70 degrees for a period of 168 hours, and five specimens of each sample were conditioned in room temperatimerfor a mi
period of 48 hours at room temperature. A 20mm blue flame was applied centrally to the lower face of the speceneerd heo
15s flame exposures after which the afterflame and afterglow times were recorded for both exposures. The ultimatertgtisidé str
the surviving specimens was then tested-flaste exposure, following ASTM D3039. The results of these testgrasented below.
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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
polyphosimate 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 dasaterammonium
polyphosphate coating as a fire retardant. A cone calorimeter test could be conducted to further evaluate the combosgiistichar
of the samples. While cone calorimeter data is widely reported in the literature, the vertical burner box test used in ifN®sindy
direct flame contact and flame spread analysis; is far less commonly documented. This research offers a distinistitiencon
employing a rarely explored methodology to assess fire performance under more realistic conditions.
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The significant differences in the combustion properties of hydrogeh gl ammonia (NEJ present unique
opportunities to utilize their interactions to address the combustion challenges of each fuel. For exarapléeHised
to promote NH autoignition, while NH can help slow down Hgnition and flame propagation. The paper investigated
the latter effect using a turbulent flow reactor whergltb mi nat ed mi xtures are oxidized n
limit that exhibits negative pressure depemce (less oxidation at higher pressuxifyic oxide (NO) plays a key role in
this system, serving as a major intermediate species and a product; aixNdtion, as well as a byproduct ot H
combustion in airThe investigated mixtures include/NHs (Ho/NHz = 100/0 to 80/20 by mole) andMH3a/NO (Ho/NHs
= 80/20 by mole, 0 to 155 p pOB44NTGe nanirdlirdadtootamperatuaek tangé froma i r
926/ 976 K and the pressures are 1 bar and 4 bar. The species time profiles asreethgia extractive sampling using
gas chromatography and Fousteainsform infrared spectroscopy for analysis of fuels{Bitl H) as well as NO, N@
and NO. As shown in Fig. 1(a), at 1 bar, smidM; fractions significantly reduced; oxidation and more Niresulted
in a slower Hoxidation. On the other hand, an increase in pressure to 4 bar (Fig. 1(b)) diminished the inhibiting effect of
NHs; and a normonotonic behaviour with Niconcentration was observed, where a small share afpxbinoted the
reactivity but a further increase in the Nebntent inhibited the reactivity. When adding NO tgNHH3 mixtures (80/20
by mole), an increase in NO addition gradually promoted thexitlation and the NO prooting 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 H/NO measurements at the same pressure [1], where a 50 ppm NO addition immediately resulted in a complete
H. oxidation. The performance of recent Nkinetic models [27] to predict the Hoxidation was evaluated. The results
show that, while the species profile offNHs 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 2. Kinetic modelling of mixtures with #INH3z =
80/20 with 155 ppm NO addition at 4 bar and 940 K fo
(a) He speciation, and (b) NO speciation.

Figure 1. Normalised Hspecies time profile for variousMHz ratios (a)
latm and (b) 4 bar, and mixtures witt/RHs = 80/20 (by mole) for different
level of NO additions at (c) 1 atm and (d) 4 bar. Lines are visual guidanc
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