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ABSTRACT

Critical Oxygen Supply and Combustion Threshold of Smouldering Fires

by
Yunzhu Qin

Doctor of Philosophy in Department of Building Environment and Energy Engineering
The Hong Kong Polytechnic Universit@ctober 2024
Supervised by DiXinyan Huang

Smauldering is a slow, lowtemperatureand flameless form of combustion, primarily
governed by two key mechanisms: system heat losexygen supply The path and rate of
oxygensupplyare critical for sustaining the heterogeneous oxidation reactions that generate
the heatrequiredto balance endothermic processes such as drying, preheating, environmental
cooling, and pyrolysis during smaldering propagation. This thesis addresses the fundamental
issue of oxygen thresholds in ndianit smoulderingcombusion andexamining the effects of
fuel properties and environmental conditions. Both experimental and computational studies
were conducted to investigate the characteristics of limiting oxygen supply under forced
internal flow. In addition largescale laboratory experiments (1 meein height) were
performed to demonstrate persistelgep smauldering fires under natural diffusion The
insights gained from this work deepen our understanding ofuldering combustion,
contribute to more effective prevention strategier smaidering fires, and help optirse

applied smaldering systems.

The thesis is structured in a manusesftie format, beginning with an introduction to the
literature reviewandobjectivedn the first chapter. The following chapters each stand asne
an independent paper, which have been publish@ilirnals.In the final chapter, the overall

outcomes are summaeid and potentiatieasfor future researchre outlined.

Chapter lreviewedthe currentmethodologies and insights limiting oxygen supply
characteristicoof smouldering The knowledge gaps were identifiednd generalresearch

objectives and methodologies were determined to address these gaps.



Chapter 2 experimentally determined tHieniting oxygen supply to sustain smouldering
propagationn peat soil Oxidiser flow velocities (up to 14.7 mm/s) and oxygen concentrations
ranging from 2% to 21%erecontrolled as forced internal flow to feed smouldering zdihe
findings reveal atransition in smaldering behaviar: at higher velocities, snutdering
propagates bidirectionally (forward and opposed), while reducing the velocity results in
unidirectional propagation. At a velocity as low as 0.3 mm/s,ukiedng ceases, with the
minimum temperature recorded at around 300€. As internal flow velocity increases, the
limiting oxygen concentratioLOC) for sustaining smadering decreases, reaching a
minimum value below 2%. When the oxygen concentration exceeds 10%, the minimum
oxygen suply rate stabilizes at 0.08 +0.01 glnHowever, for oxygen concentrations below
10%, the required oxygen supply rate risgmificantly due to enhanced convective cooling
caused by the higher internal flow velocities.

Chapter 3investigated how bulk density and particle size control smouldering in porous
pine needle bedg55i 120 kg/n?) and wood samplesf particle size (150 mm). The

experiments demonstrate that the critical airflow velocity for satained smouldering rises

when bulk density decreases or particle size grows. At elevated flow rates, smouldering initially
advances only against the oxeli stream, then transitiento simultaneous forward and
opposedspread. However, for larger pore geomefrether from coarser particles or lower
packing densityoxygen readily penetrates tlopposedeaction front, leading to persistent
bidirectional propagation. 8implifiedthermochemical model further reveals that interparticle
conductive heat transfeplays important roles onthe oxygen flux needed to maintain

smouldering.

Chapter4 presents a ondimensional, physicdased simulation coupling multicomponent
heat and mass transport with a fiseep heterogeneous reaction scheme to quantify the oxygen

threshold for smouldering under forced internal flewrhe model predicts that, foxéd flow
velocity, theLOC for smoulderingpropagation i3%, agreeing well with the experimental
observations and theoretical analydisirthermore, the required flow rate increases with
decreasing fuel density, lower ambient temperature,igineh moisture contentand the
predicted maximum moisture content capable of supportingldering was about 110 %. At
the smothering limitthe computed peak reacti@one temperature and propagatrate are
around 300C and 0.5 cm/h.

Chapter 5 conducs largescalelaboratoryexperiments demonstrating that, under purely



diffusive conditions, smouldering persists in deep peat layers for over ten days, independent of
ignition depth. Four distinct propagation moagpeams the ignition point moves downward:

(1) downward propagation, (Il) upwai@hddownward propagation, (l1l) depth propagation,

and (IV) no propagation (local burnindgylodes Il and IV produce neither visible smoke nor
surface collapse, underscoring the challenge of detecting subsurface peat fires. For ignition
depthsshallower thar40 cm, peak reactienone temperatures decline with degt#owever,
temperaturesemained stableaear 300C when initial ignition depth deeper thaa0 cm
indicating that oxygeravailability predominantly governs dedgyer dynamics. Despite
persistentombustion, overall mass loss remains low owing to incomplete oxidation at these
moderate temperatures. Nearrface CO levels span tens to hundreds of ppm, suggesting that

reaktime CO monitoring could serve apitot detection methotbr underground fire activity.

Chapter 6 summarses the overall outcomes afxygen thresholds and smouldering
dynamicsin oxygenlimited conditions According to the present findings, the challenges the

researcher ngdo overcome in the future are also discussed.
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Chapter 1 Introduction

1.1Background and motivation

From the perspective of combustion, wildfires can be divided into two types: flaming and
smauldering [1]. Smauldering is aslow, low-temperaturg and flamelessphenomenon that
occurs in charring porous fuels such as peat, coal, warudl,forest litter It is primarily
sustainedy exothermic oxidations when oxygen molecules directly attack the hot surface of
condensegbhase reactive mediAs a typicalincompletecombustionitsreaction temperature
(~4507 00 AC), fire spr ecambustioa heet~6i(151 Madrm/krmgi) n)a,r ea n
than those of flaming combustidhat occur in gas phaséhe smouldering processvolves
numerous chemical reactions and ate heat and mass transfer mechanisms. To susemari
these processesmoulderingis simplified into two steps: pyrolysis and char oxidatias

shown inFig. 1-1a.

Pyrolysis is a prerequisite for the occurrencerabulderingeactions
Solid fuel + Heat Y Pyrol yisl) s gas:
In this process, chang solid fuels undergo endothermic decomposi(even in the absence
of oxyger), producing pyrolysis gasegarticulate matte(PM), and char The pyrolysis
temperature is influenced byel properties Thermogravimetric analysid@ GA) shows that
thelowest pyrolysis temperature (the threshold temperature at which pyrolysis reactions begin)
of common fuels (such as wood products and j
temperature (the threshold temperature causing the maximumrateobmnsass) i s about
[2].
Theproducts of pyrolysigh both gas (pyrolysis gases) and solid (char) phee@sindergo
further oxidation. Flaming occurs when thexothermic reactionsare dominated by
homogeneous reactions between pyrolysis gases and oxygen
Pyrol ysi s g a6Gaseous-proddotsy geatFlanying) (1.2a)
The occurrence of flaming requires sufficient concentrations of pyrolysis gases and oxygen, as
well as adequate heat and temperature to initiate flaming comby8lioBy contrast
smouldering occur&hen the oxidation of solighase char dominates the process
Char + Oxygen Y GaseouSnaperioglu ¢ty + Ash
The characteristic temperatures of char oxidation are slightly higher than those of pyrolysis;
the lowest oxidation temperature (the threshold temperature at which oxidation reactions begin)
is about 300350 AC, and the peak @holltraperatorexcausiegmp er a

1



the maxi mum rate of mass | os ¢2]. Natably, metal amdh ar o0 X

minerals contained in the char can catalyse oxidation rea¢dprendthe inorganiccontents
which cannot be oxided become ash as combustion residues. Througholgnioelldering
process, the heat released by oxidation reactions is used to balance system heat losses,
evaporate fuel moisture, maintain and preheat fuel temperature, and sustain the endothermic

pyrolysis reactions.

a : ;
(@) Air Smouldering

Pores 3
Free water (1) Drying Water

) ~ vapour (g)

Flaming

Hygroscopic water

Char Ash
,/—J%

i Sunl i High-carbon oteic
So.hd . [C,H,O,N,S] ratter =2 matter
particles : Oxidation I
Inorganic matter (Smouldering)
Emissions + BE
Pyrolyzate #, [CO,, H,0, CO,
> [€0,CO, CHO,] Oxidation I~ PAHs, PMs]

Inorganic matter — (Flaming)

(b) (c)

|_Clean fuel
(Hz, CH,)

— Biochar

Smouldering Process

4 Solid waste
i f it

Oxygen Supply

Fig. 1-1 Schematic diagram of the chemical pathways of flamingsandulderingn charing

solid fuels, with examples of smldering and flaming in woo¢b) smoulderingpeatland fire

around the Swan Lake in Alaska, 2019 (photo by Kale Casey, Alaska Division of Forestry).
(c) Diagram of the cleasmoulderingechnology for biowaste removal and biofuel

production[5].

Smauldering fires can be a natural disaster or clean technof@gyhe one hand, causes
catastrophidires (seeFig. 1-1b). Smoulderingcan be sustained under extreme conditions of
high moisture contentty basis MC>100%) and can burn at very low oxygen concentrations

Some experiments have measured its critical oxygen concentration to be less th&h. 110%
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contrast, sustaining flaming combustion usually requires at leas6%loxygen concentration,

and flameretardant materials need environments with oxygen concentrations higher than
atmospheric levels (21%) to maintain combusfRjnEven if the oxygen concentration is high,
flames are difficult to sustamithout sufficient airflow such as in microgravity environments

[7,8]. Smoulderingpeat fires and underground coal fires are among the largest and {ongest
lasting fire phenomena on Eaift®]. For example, influenced by climate change, Southeast
Asia hadrequent smouldering peftes since 1991, with the most severe incidents occurring

in 1997, 2006, 2009, 2013, and 2(Q18]. During the 1997 El Nifo event alone, massive peat
fires in Indonesia triggeredreotorioustrandoundaryhazeeventthat lasted over half a year,
resulting in severe air pollution in densely populated areasigndicantly affecting public
health[11,12] Smoulderingpeat firesalsooccur in northern and boreal regions such as Siberia
and North AmericaKig. 1-1b). In recent years, increasing remote sensing monit¢tisigl5]

and experimental evidendé6,17]have confirmed the existence
smoulderindfires in cold regions can hibernate undergroimbbw temperature environment

and reemerge to the surface when temperatures rise and fuels dry out in the following year,
and even igniting surface flaming fire§l7]. Even during underground propagation,
smoulderindfires continuously emit large amountsgseenhouse gas(GHGs) like CO; and
CHainto the atmosphere, exacerbating climate change and the greenhouse effect in the Arctic
region, leading to global issues such as glameiting and permafrosthawing [18,19]
Although smoulderingfires on a global scale have attractsaime attention, our current
understanding of them is still limited. Considering the natural oxygen supply in underground
smoulderindires, oxygen diffuses from the fuel surface to deeper layers, resulting in an inverse
correlation between actual oxygen supply and fuel d@efhHowever so far, no experimental
observations or theoretical analyses have demonstrated the maximum depth at which
smouldering can be sustained under natural oxygen supply. Moreover, due to the incomplete
understanding of the oxygen supply limits sshouldering there is a lack of research on
smouldering wildland fires suppression methods based osstricting oxygen supply
Therefore, an indepth understanding of the critical oxygen conditions fosmouldering

is of great significance for understanding thecharacteristics of smouldering wildland

fires and controlling large-scale natural disasters.

On the other handyell-controlled applied smédering processes offer promising avenues
for biofuel production[21], biowasteremoval[22], and pollutionreduction[23], playing an

important role in the context of our increasing attentionaxdbonneutrality and sustainable



developmentFor examplewith the accelerated growth of the wadgopulation and economy

in recent yearsurban solid waste has increased significantly, including kitchen waste, wood
scraps, and paper debris. Traditional solid waste treatment methods mainly include landfilling,
biotransformationand thermochemical treatmen&24]. It is estimated thamearly 50% of

major organic waste in Australia in 2020 was simply disposed of through landfjRislg
However, this method leads to large amounts of GHG emissidnshaccounts for 1015%

of total anthropogenimethanesmissiong26]. At the same time, other solid waste treatment
methods often face challenges such as low conversion efficiency and high energy consumption.
In contrast,smoulderingbased solid waste treatment technologigsg.(1-1c) have many
advantages: (1elf-sustaining, without the need for continuous injection of nitrogen and large
amounts of heat energy as in pyrolysis proce@gs(2) The gaseous (C@Hs, etc.), liquid

(tar), and soliephase products (bioch)acan all be collected and utilized as clean enelfgy. (
1-1c) [5]; B)rel ati vely | ow reaction temperatures
safety risks; (4)smple pretreatment steps, requiring only drying and grind@igy28]
Currently, although the application simoulderingsolid waste treatment technology already
has substantial theoretical and experimental sup28it31] and promising prospects,
improving its processing efficiency and optamg energy efficiency remasnchallengng.
Particularly, aygen supply, as the dominant mechanismsmoulderingreactions, can
effectively control the intensity and efficiency of reacti{Bf], but ourunderstandingare still
limited. Therefore,an in-depth investigation of the critical oxygen characteristics and
influencing mechanisms ofsmouldering is beneficial for optimising the application of
smouldering solid waste treatment systemsin summary, whether from the perspective of
controlling largescalesmoulderingwildlandfires or advancing efficient and clean solid waste
treatment technologies, more-depthand systematitundamentakesearclon smouldering

oxygensupplyis needed.

1.2 Literature review

1.2.1 Smouldering oxygen supply modes

Oxygen supplymodes insmoulderingare typically divided into two categories: natural
oxygen supply Fig. 1-2a) and forced oxygen suppl¥ig. 1-2 (b-d)). In the case of natural
diffusion oxygen supply, air (oxygen) can be transported from the external environment to the

smauldering reaction zone driven by natural/free convection and diffusion. For example



natural convection due to buoyancy plays a dominant role in oxygen supply for surface
smouldering fires where the environmental wind is neglected. In comtrastlerground fires

that spreadh deeper layers, the concentration gradient formed after the consumption of limited
oxygen makes oxygen diffusion the dominant form of oxygen suppB0]. In the one

dimensional1-D) deep undergrounsinoulderingscenario,

™ . A
a r'oTT—d) $EAEDOE]T p®
wherewrepresents the distance betweengtm®ulderingront and the free surface. The term
& w denotes the diffusive oxygen supply flux driven by the concentration gradient at
different depths (irg/m’s ).[ is the average porosity within the porous medinis the

diffusion coefficient of oxygen in the porous fuel, influenced by factors such as temperature
and the porosity of the porous material. The expression represents the oxygen

concentration gradient at depth

(a)

Oxygen diffusion

Buoyant plume

14 LY
. S v .~ Surface spread
AY
—i Ash o —
In-pore penetration
/ Pre-heatil}‘
l zone In-depth spread
T > <t g
Undisturbed fuel
(b) (c) (d)
Forward
Opposed spread Ap : : H : s l ape
spread A Darcy flow under pressure A
A A A A
Forced external flow Forced external flow Forced internal flow
(horizontal) (vertical)

Fig. 1-2 Two different oxygen supply scenariossohoulderingcombustion: (a) natural
diffusion; (b) forced horizontal external flow; (c) forced vertical external flow; (d) forced

internal flow.



Forced oxygen supply includél) forced external flow. convection where airflow passes
over (ig. 1-2b) or toward the fuel surface~{g. 1-2c), such as in surfacemoulderingfires
under the influence of environmental wirashd(2) forced internal flow: directly introducing
air into the porous fuels (e.g., controlling oxygen supply variables in laboratoguldering
experiments or airflow introduced ismoulderingsolid waste treatment devicesdh the
scenario®f forced external flow othefuel surfacgFig. 1-2c), the actual oxygen flux at depth
« denoted a&t  w can be estimated using Darcy's law:
0N,
a0°

whered is the oxygen flux at depth U is the permeability of the porous fuelhich is

a O | GO QUGHEDM  p8®

related to properties such as material porosity and pore sbapke dynamic viscosity of the

gas, influenced by factors like gas temperature, concentration, and compasitisthe mass

fraction of oxygen in the ga& rjs the pressure difference between depémnd the fuel surface

caused by the external forced flow.

In the scenarios of forced internal fldiivig. 1-2d), the oxygen supply obtained by the
smoulderingeaction is directly controlled by the gas flow rate:

a IO O i RD QI Ha p&®
whered is the oxygen flux within the porés.is the porosity of the porous fu€l. is the

density of the incoming gaé& is the mass fraction of oxygen in the ga8s the gas flow

velocity.

Based on the fundamentsinoulderingoxygen supply models discussed above, several
existingexperiments and numerical simulations at different scales have explored the oxygen
supply limits ofsmouldering In the following sectiongurrentresearch methods amesults

will be reviewed respectively

1.2.2 Current methodology

Currently, experimest arethe primary approachks for exploring the oxygen supply
characteristics ofmoulderingcombustion, which can beategorisednto micro-scaleand
smallscale studiesbased onthe experimentakcale. However, to date, no studies have

investigated the effects of critical oxygen conditionssfooulderinghrough field combustion
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experiments. This is because such experiments require strict control of oxygen supply
conditions, andt is challenging to avoid the influence of environmental wind duringita

field tests.

Micro-scale experiments primarily include methods based on thermogravimetric analysis
(TGA), electron spin resonance (ESR), and tlweupleswith Fouriertransform infrared
spectroscopy (FTIR) to explore the kinetics mechanisms of pyrolysismaadidering TGA
analysis isnimportantapproach for studying pyrolysis chemistry in combustion andi38e
In these experiments, milligratavel samples are placed in a controlled oxygen concentration
environment, and a controlled temperature ramp is proviigdl-3a) to obtain the mass loss
rate of the fuel at different temperatures. This is often coupled with FTIR to analyse gas
emissions[34,35] In TGA analysis, mass loss curves undegrand inert atmospheres are
typically compared to infer the oxidation reaction rates at different oxygen concentrations,
thereby determining whethesmoulderingreactions occur. The ESR method is used for
reaction analysis at the molecular sc8lg measuring the area of the spin resonance spectrum,
it indirectly quantifies the concentration of free radicals in the fuel under specific oxygen
environments, thus inferring the likelihood of combustion reactions occy8éhg

Methods for smalkcale research osmoulderinghave been systematically elaborated
previously [33]. However, smaiscale experimental studies on the critical oxygen supply
characteristics cdmoulderingypically require introducing an oxygen supply system capable
of controlling flow rate and concentration based on the original experiments. External forced
oxygen supply experiments usually dirte oxidiseronto the fuel surfacd={g. 1-3b) [37], or
utilise standard fire testing methods based on the Fire Propagation Apparatus (FPA) to provide
external forced convective oxygen supply and control radiant ignition péugerl¢3c) [38].
Neverthelessthis approach makes it difficult to determine the actual amount of oxygen
reaching thesmoulderingfront within the porous fuel and cannot eliminate the influence of
natural oxygen diffusion at the surfacdluéfuel containerTherefore, smalscale experiments
often employ internal forced oxygen supply methods, directly measuring the total oxygen
supply introduced into themoulderingsystem using a flow metefig. 1-3d) [39].
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Fig. 1-3 Current representativexperimental and computational setupsmouldering oxygen
supply limits:(a) microscale (~mghermogravimeta analysis (b) external forced oxygen
supply[37]; (c) external forced oxygen supply basedr#tA [38]; (d) forced internal oxygen
supply[39]; (e) numericalstudybased on physicddased moddK0]; (f) discrete event

statistical simulation bZA [41].

In smallscale experimentsxidiserflows of variousconcentrations are usually obtained
by mixing pure air with nitrogen or argon gases. To ensure the uniform flow of the mixed gases
within tubular containers, gdsmogenisindayers composed of metal mesh, glass beads, or
gravel are typically installed at the inlet or before the gases enter the container. Honibhear
critical smoulderingexperiments, precise control of ignitigerotocol is also crucial for
exploring the critical oxygen supply conditions. Common ignition methods in -scelé
experiments include radiant igniti¢88], variable power coil ignition39,42], and heated rod
ignition [43]. Different ignition methods can achieve vari@moulderinggnition intensities
by controlling the applied radiation intensity (radiant heat flux) or the conductive temperature
of themetaligniter. In addition to directly observing combustion phenomena, thermocouples
and infrared cameras are also commonly used to detect temperatures, indirectly inferring
whether the current oxygen supply conditions are sufficient to sustanlderingIn terms

of largescale experimentthere are very few largecaleexperimental studies amouldering
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combustionand firesin the literaturedue to the challenges in monitoring and extinguishing
smoulderingfires. The existing largest study is the GAMBUT experiment conducted in
|l ndonesi a [44].Blowever it isldifficulitd effectively control environmental wind
in natural settings to explore the impact of oxygen supiihgreforesuch studiesnly focus

on the ignition, propagation, extinction, and emisslgnamicsof smoulderindires.

Numerical simulations of the oxygen supply characteristicgradulderingare relatively
limited and can becategorisednto physical models based on heat and mass transfer and
statistical models using discrete event simulations. A tydidalsmoulderingphysics-based
model is shown inFig. 1-3e, which has been used tsimulateignition, fire spread, and
extinction insmouldering45,46] This model includes heterogeneous chemical reactions and
heat and mass transfer processes between the gas and solid phases within a porous medium. It
assumes thermal equilibrium at the same location in the sytbtaiis, efficient heat exchange
within the porous medium, where the gas and solid phases share the same temperature within
the same grid cellThe maingoverningequations in the model are consistent with those used
in the opersource software Gpyfd 7], includingthe conservation of (8 mass, 1.6) species,

and (L.7) energy in the condensed phase, asagehe conservation df.8) mass, 1.9) species,

and.10 momentum (Darcyés |l aw) in the gas phas
) ] pd
!
TT”% 1 1 P&
Rkl s

In addition to traditional physical models, discrete statistical models based on Cellular
Automata (CA) have also been used to study the critical oxygen conditiosséadering
combustionFig. 1-3f [41]. CA consist of a large number of regular units, and they exhibit

complex global behavie by simulating local interactions between adjacent ¢éi$. CA

9



models have been widely applied not only in natural system simulations, image processing,

and crowd behavio modeli

ng,

but

t heir

characteri

stic

of

makes them highly suitable for simulating fire spredmnomenaFor example, existing

smoulderingCA models have already achieved simulationsmbulderingfire spread under

varying moisture contenf49,50], field-scale simulationg51], and complex fire spread

behaviarrs such as fingering sprefR]. In the study of critical oxygen conditions based on

CA[41],

a grid

of

50 I 50

cel

| s i

s first

establ

Ailunbur nedoandffbbuurrnneitimegoaddl a@lso includes two parameters: the local

fire spread probability and the local fire extinction probability. Through extensive

simulations with random values of these two paramé&dezremparavith experimental results,

the optimal parameter choices are finally determined, and the model's applicability is validated.

Tablel-1 summarses the micrescale and smaBcale experimental and simulation studies

in the existing literature related to the critical oxygen supply characteristasmaildering

combustion, including the types of fuels used, configurations, and oxygen supply modes.

Table1-1 Experimental information on the limiting oxygen concentraflo@C) of

smoulderingcombustion sorted by fuel type and study scdlbe critical oxygen

concentration of flaming combustion for common solid fuels: 18% (p#&jrand 1920%

(PMMA) [54,55]

Fuel Configuratio Study type Oxygen supply LOC Ref. Remarks
ns mode
Disclosed Forced external
S flow Hadden Burning rateafter
cylindrical . A
Smaltscale concentratiord- et al. ignition is
Peat reactor, ; 10% :
H=30 m experiment 35% 2013 independent of
_ m fixed flow rate20- [38] external heating
D=125 mm
150 mm/s
Relationship
Huang i
e between critical
. Diffusion under and
1D mode, Numerical . . oxygen
Peat _ . : different oxygen  13% Rein. .
H=12 cm simulation . concentration and
concentration 2016 "
critical water content
[40]
of fuel
Simulation . e Belcher Verification based
. Numerical Diffusion under .
domainl0 x . . . et al. on combustion rate
Peat simulation different oxygen  16% o
10 cm (CA) concentration 2010 and time in
grid 50 x50 [41] experiments
Disclosed Forced internal Relationship
! square Wang et -
Pine Smallscale flow between limiting
reactor, ; . 5% al. 2017 .
dust - experiment  concentratiorb- concentration and
H=12 cm [56] .
1=3.8 cm 21% external heating
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fixed flow ratel5

mm/s
Forced external Kadowa Quenching is due to
Moxa Fuel rod, Smaltscale flow 135 kietal. the limitedchar
rod D=18mm experiment Fixed flow % 2021 oxidationratein the
18L/min [37] absence of oxygen.
Exp: Forced
external flow
Smalkscale concentratiord-
Wood  Dimension8 experiment 210 4% Richter LOCis affect'ed' by
; + ] ; et al. external radiation
brick x8 x3 cm : flow rate: (ig.) . .
Numerical ) 2021[6] intensity
: . 200L/min
simulation S
Sim: natural
diffusion
Disclosed Forced internal
cylindrical flow Yan__and Influence of density
Paper Smaltscale . N. Fuijita, :
reactor, ; Concentratior21% and heating rod
scraps _ experiment A. 2019
H=15mm, Max. flow ratel8 temperature
- [43]
D=20mm cm/s
Forc?g\f’xternal Determining the
ESRMicro- . Zhou et oxygenlimit by
Concentratiors8- .
Coal 5mg scale 21% 9% al. 2021 measuring free
experiment Fixed flow 50 [36] radicals and reaction
) rates
mL/min
Cylindrical Smaltscale Forced internal BAR- l\g;crgﬁ:g\enrg/
PMM fuel, Experiment flow N. ILAN et ex Iorlzd the role of
A D=13.2 cm (microgravi Max. flow 3.66 A. al., 2004 pbuoyancy in
=15 cm ) g/nts [57] smouldering

1.2.3Findings from existing studies

In smallscale studies, it is challenging to experimentally explore the critical oxygen
concentration under natural diffusiofherefore, the limiting diffusiveoxygen supply is
usually solved by numerical simulatio®ne study on wood blocks identified the oxygen
concentration ranges required for pyrolysigjouldering and flaming under different heat
fluxes (Fig. 1-4a): < 4% for pyrolysis, 415% forsmouldering and >15% for flaming. It is
important to note thahe smouldering limitshis study only focuses agnition phase.
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Fig. 1-4 (a) Increasing ambient oxygen concentration with the same external heating flux, the
phenomenon transitions from pure pyrolysistooulderingthen to flamind6]. (b) Critical

moisture contentl( 6°) vs. critical ambient oxygen concentratiabt () found in experiments

of flaming papef53] andsmoulderingpeat[38,41], and new predictiongl0].

Another computational studyased on physical model also identified the relationship

between the critical oxygen concentratigi and the critical moisture contefit ¢°) [40]

(Fig. 1-4b). The results indicate that as moisture content increases, the critical oxygen
concentration fosmoulderinggnition and fire spread rises significantly. Compared to flaming
combustionsmoulderingcan sustain under higher fuel moisture content (with a conventional
oxygen concentration @d  21% the0 6°for smoulderingreaches up to 100%, while for
flaming it is only 40%) and lower oxygen concentratism@ulderingdd  13% flaming
16%).However CA simulationsyielded higher resultst showed thasmoulderingreactions

are suppressed at oxygen concentrations below 18.5% and completely cease at concentrations
below 16%. The study also-essessed Earth's flammability limits over the past 350 million

years based on these findirjd4].

Furthermore, there is atudy employed ra internal forced oxygen supply moded
smouldering pine sawduf®6]. It found that the critical oxygen concentration required for
smoulderingis related to external heatin§elf-sustainedsmoulderingcan only be initiated
when the oxygen concentration is between 10% and 21%. When the oxygen concentration

decreasebelow 7.5%sustainingsmoulderingcombustion requires additional external radiant
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heating. At oxygen concentrations of 5% or lowsmoulderingcannot occur, even with the

assistance of external heafin

Studies undeforcedexternal supply idoundto havecritical oxygen concentratiothan
that observed with internal oxygen supply. Representative studies include directly applying
airflow to the surface of ignited fu¢B7] (Fig. 1-3b) and using thé-PA to control ignition
intensity and oxygen supply conditiof38] (Fig. 1-3c). These studiesletermined critical
oxygen concentrations of 13.5%iq. 1-5a) and 10% Fig. 1-5b) for external forced oxygen
supply. Similarly, both studies found that char content was higher in quenched fuel when
oxygen concentration was insufficielig. 1-5b), indicating that théimited char oxidation to
release sufficient heat is the primary reason dowulderingextinction. As the oxygen
concentration increased, both experiments observed higher fire spread brat@sg
temperatures, and fuel mass loss rates. The stusijmouldering peadlso revealed that the
duration ofsmoulderingdecreased as oxygen concentration incref8dThis helps explain

the phenomenon of persistamioulderindfires in deep undergrounzkatiayers.
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Fig. 1-5 Critical oxygen supplynder forced external flowf (a) moxa rod (~13.5%37] and
(b) peatsoil (~10%)[38].

Although there are relatively few studies on critical oxygen supply rates in the literature, it
plays important rolen the ignition andextinction of smouldering combustiohe critical
oxygen supply rates can be influenced by both fuel properties and environmental conditions.
A study on smaldering ignition in paperscrapsfound that in lowdensity fuel, there is
sufficient oxygen within the gaps of the porous material during ignition. As a result, ignition
can occur successfully even without additiooaygen supply. However, excessively high
airflow rates can enhance internal convective heat loss, leadfagei ignition (Fig. 1-6a).

When the fuel density increases, oxygen supply becomes the primary factor controlling ignition
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success, as shown by thesblaped trend ifrig. 1-6 (b-c), where ignition fails both under

insufficient oxygen supply and excessive airflow rates.

(a) (b) (c)
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Fig. 1-6 Effects of ignition temperature and air flow rate on ignition behaniothe

smoulderinggnition experiment of waste paper with different densiiées.

The influence of environmental conditions on the critical oxygen supply rate for
smoulderings primarily reflected in the heat loss at system boundf2&588] However, no
previous studies have systematically explored the impact of boundary heat loss on the
smoulderingoxygen supply limit. Additionally, gravity and buoyancy may aisfluence
smoulderingin porous fuels. One study used polyurethane foam asdneélcompared the
results of forced flow tests under normal gravity with thioseicrogravity[57]. The results
showed that under normal gravity, selfstained propagation required approximatelyQ0&b
g/mg& of air mass flux. In contrast, this critical air mass flux decreased to 0.3 ginger
microgravity conditionsThis is due to the removal of gravitgducesbuoyancydriven heat

loss, allowingsmoulderingo be sustained under lowaxidation rates

In summary,even thoughumerous experimental amdimericalstudies have explored
limiting oxygen supply characteristics in ndianit smouldering, most have been conducted
under quiescent ambient conditions or with external wind, which cannot completely isolate
oxygen diffusion from the surroundingghis has led t&nowledgegaps: (1thefundamental
research problem dheactual minimum oxygen rate required to sustainuddesing remains
unclear (2) the roles of fuel properties and environmental conditions are still not well
understood(3) Even for the same fuelarying values of. OC arereporteddue todifferent
setup andboundarycondtions. Hence further systematic investigatiam smouldering oxygen

thresholdss required
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1.3Aims and Objectives

In view of the above issues, this thesis ainsytiematicallystudy theoxygen supplyimits
in nearlimit smauldering through both experimental armbmputational methodsThe

objectives of this thesis are as follows:

(1) To explorethe oxygen threshold for smldering combustion including thelimiting
oxygen concentration and minimum oxygen supply rate, using a newly designed forced
internal oxygen supply reactor.

(2) To quantitativelyanalyse the influence of fuel properti€bulk density, particle sizéJC)
and environmentatonditionson the oxygen threshadf smaildering.

(3) To establish a numerical model and validate it using previous expegindetea enabling
the model teexplorethe critical oxygen supply characteristics of sidering.

(4) To conductlaboratory largescale laboratory experimentnd observe smauldering
behaviar under oxygedimited conditions driven by natural diffusion in delayer

scenarios.

1.4 Structure of this thesis

This thesis is a compilation of four publications achieved during the Ph.D. study. Overall,
this thesis is presented in a manuscript s@keapter lintroduces the background, research

motivation, and reviewsurrent methodologies and insights in literature.

Chapter 2 presents the design of a novel reactor that allows precise control and
measurement of the oxsdir flow entering the snutdering reaction zone. This enables the
definition of the oxygen threshold, including both the limiting oxygen concentration and flow
rate, for a representative porous fuel.

Peer reviewed paper associated v@thapter 2.Y. Qin, Y. Chen,S. Lin* andX. Huang*
(2022).Limiting Oxygen Concentrationand Supply Rate of Smouldering Propagation.
Combustionand Flame, 245,112380.

Chapter 3conducts more experiments typical natural fuels t@nalyse and explain the
role of fuel properties, such as bulk density and particle sisenaulderingpxygen thresholds.

Peer reviewed paper associated Wtiapter 3.Y. Qin, Y. Zhang,Y. Chen,S.Lin* andX.
Huang*(2024).Minimum oxygensupplyratefor smoulderingoropagationEffectof fuel bulk

densityandparticlesize.Combustionand Flame, 261,113292.
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Chapter 4 attemptsto develop a computational model and validate it using previous
experimenal data This enablsthe prediction of the influence of additional fuel properties and
environmentatemperaturesn smallderingoxygen thresholds.

Peer reviewed paper associated Wtiapter 4.Y. Qin, Y. Chen,Y. Zhang,S.Lin* andX.
Huang* (2024).Modeling SmotheringLimit of SmoulderingCombustion:Oxygen Supply,
FuelDensity,andMoistureContent.Combustionand Flame, 269,113683.

Chapter5 performslargescale laboratory experiments (1 megh height) to demonstrate
persistent smddering phenomena and observe fire behaviander oxygedimited
conditions

Peer reviewed paper associated v@tmpter 5:Y. Qin, D. Musa,S. Lin* andX. Huang*
(2022).Deep PeatFire PersistentlySmoulderingfor Weeks:A LaboratoryDemonstration.
International Journal of Wildland Fire, 32,86-98.

Chapter 6summarses the conclusions asdiggests some ideas for future research.
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Chapter 2 Experimental Study on Oxygen Thresholds: Limiting Oxygen

Concentration and Supply Rateunder Internal Forced Flow

Summary

This chapter presents experimental measurements of the minimurseoXiax required
to sustaindifferent smouldering modes. After centrally igniting the fuel bed, increasing the
flow rate drives a transition from unidirectional (opposed) spread to bidirectional (opposed +
forward) propagation. For both regimes, the critical flow velodiégreasess the oxygen

fraction rises, and the corresponding oxygen flux converge8.Gsh 0.01 g/n’s under
ambient air. Notably, smouldering persists eaean extremely oD, volumefraction 0f2%.

With higher Q concentration or flow velocity, both the overall mass loss and the peak
reaction zone temperature increase, while the minimum smouldering temperature remains
near 300 € regardless of supply conditions. gimplified heat andmasstransfer model

explainedthe observed relationship between the required oxygen flux and the ambient oxygen

concentration.

Thi s chapt &rQinjYsChdng.sie* dndX. Rluarig*(2022).Limiting Oxygen
Concentratiorand Supply Rate of SmoulderingPropagationCombustionand Flame, 245,
1123800
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2.1 Introduction

Smouldering combustion is slow, lowemperature, and flameless that is driven by
exothermic heterogeneous oxidations when oxygen molecules directly attack the hot fuel
surfac€g4,9,59] In porous media, smouldering can be triggered by weak heating or even self
ignition, and may transition to flaming0i 63]. Onceinitiated, it persists under extreme
conditionssuch agpoor oxygen supply and high moistuneaking it the dominarcombustion
mode in many residential, industrial, and natural fid€s64] For example, underground peat
fires endure in oxygehmited soil for monthg1], while engineered smouldering reactors
efficiently treat wet organic wastg28,65,66] A deeper understanding of smouldering is

therefore essential both for hazard mitigation and for advancing its industrial applications.

Two keyfactorsdominateghe spreadand extinction obmouldering oxygenavailability
and systematic healoss [4,9,59] Heat loss effects including wall quenching[45,67,68]
moistureevaporatiorj68i 72], and windcooling[60] are now well characterideBy contrast,
despitethe effect of oxygen levebn smoulderinghas been explored since the 19[8, the
oxygenthreshold behaviar remains poorly quantifeée Early work showed smouldering spread
at O levels down to 6% in selfynition testq74], butanother workshowed thab% ambient
O- wasri sufficientto extinct smoulderingn coal and wood chigs5]. However, reported
limiting oxygen concentrations (LOCs) vary widebven for the same fuellepending on
experimental configuratiof®,38,40,41] Peat smouldering failed below 18% without forced
flow [41], yet persisted at 11% under flow conditi¢d8]. Wood LOCs range from 10% with
internal airflow[56] to 4i 6% under intense irradiatidf] and increase further with moisture

contentf40]. The physical basis for these disparate LOC values remains unresolved.

Moreover,reducing ambient pressure or gravity further lowers the oxygen threshold for
smoulderind57,76 78]. Experiments report minimum pressures of AWkPacomparable to
guenchingpressures flameg[77,78] Furthermoremicrogravity tests reveal that smouldering
polyurethane foam demands less oxygen flow in space than undg7] §et the precise

oxygen mass flux through porous media at these extremes remains unknown.

Oxygen supply into a porous bed depends on both concentration and internal flow velocity.
In quiescentambientstudies, diffusion and natural convectiprovide oxygento sustain
smouldering, but uncontrolled ambient exchanmgekes it difficult for accurate flux
guantification.To address this, we isolate a peat column from external air and impose a

controlled oxidser flow oxidiser flow with velocity (V) up to 14.74 mm/s and oxygen
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concentration® ) of 2%-21% We then measure total mass loss and peak reaztioe

temperature across varying supply rates. Finally, we develop a theoretical framework to predict
the minimum oxygen flux and corresponding limiting oxygen concentration for robust

smouldering propagatin

2.2 Experimental method

2.2.1Porous peat soil

The experiments employed organic peat soil, a porous fuel prone to smouldering, as
described in our previous wofkig. 2-1) [62,68,71,79]This moss peat has approximately 97%
organic content, uniform density, and consistent particle size, ensuring excellent
reproducibility[79]. Samples were ovedried at 90 € for 48 h and then equilibrated at roughly
5% moisture upon exposure to ambient @is level has been shown to exert negligible
impact on smouldering propagatipt0,80] Measured bulk density and porosity wéab +
10 kg/n? and 0.90 9©.01[45], respectivelyParticle diameters of about 1 mm create pore space
for oxygen transport. Elemental analysis yielded mass fractions of C, H, O, N, and S equal to
45.6, 6.0, 48.0, 0.5, and 0.3%, respectively. Thermogravimetric tests using a PerkinElmer STA
6000 were perfored at five oxygen concentrations of 21% (air), 10%, 5%, 2%, apdre (
nitrogen), and selected madsss rates and hefiow data are provided in Appendik(Fig.

Al).

2.2.2Experimental setup

Fig. 2-1 shows the experimental setup, which comprises a tubular smouldering reactor, an
ignition system, and an oxmdir supply systemrhe reactor is constructed from 2 mm thick
guartz glass, with an internal diameter of 12tomrminimise wall quenchingnd a depth of 30
cm|[45,67] A 1 cm thick ceramic insulation layer covers the outer surface to reduce heat losses.
To ensure uniform gas flow, a steel mesh is positioned 3 cm above the base, topped by a 5 cm
layer of glass beads. The fuel bed, maintained at a constant height of B0ptawed on the

beads.

Five K-type thermocouples (1 mm bead) are inserted into the fuel at 5 cm vertical intervals,
recording temperature every minute. A coil igniter located at the centre (z = 0) initiates

smouldering. Oxidier is introduced from the reactor bottom at a flow rate controlled to within
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+5 percent by a flow meter. At the top, a 1 cm diameter outlet restricts ambieiiffuzsion,

so that oxygen reaches the smouldering front only via the forced flow from below.

Insulation

IEmissions Dried peat
cotton

TC

' : 0000
- array

—Coil igniter (z = 0)

Air

[ Flow ||
#l Glass bead meter é
L

EL H | Flow Gas Flow
T meter mixer meter
myx - payﬂzu ‘

k——12cm g N
| O, sensor 2

Fig. 2-1 Schematic diagram of experimental setup and photo of tested organic peat soil

sample.

2.2.3Test procedure and controlled parameters

The ignition protocol used a 100 W coil for 15 minutes, sufficient to ignite the dry peat and
establish stable smouldering under ambient conditions. After ignition, a 1 cm layer of insulation
cotton was placed on the fuel surface to minimise heat loskesoxideer, with prescribed

oxygen concentratiog® ) and flow velocity {Y) was introduced from the reactor base.

Oxygen supply rate was defined as the mass flux through the reactor cross section
a " oTY <)

where'Yis the average crossectional velocity” is thegasdensity; is the oxygen mass

fraction. The relationship betweén and@ is given as:
A C&

Each test began &t = 21%. If thesmoulderingpropagation can seffustain after ignition,

the flow velocityfor was decreasetbr another individual testintil extinction so that the
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minimum flow velocity {Y ) was found. Subsequently, the valuetof was reduced to
conduct tests with fresh samples and find the relationship betiveemmd™Y . In this work,

the oxygen concentration changes from 21% to 2%, and the flow velocity changes from 0.1
mm/s to 14.7 mm/d_aboratory conditions werg2 +2 °C, the humidity was 5& 10%, and

the pressure was 101 kHEzach scenario was repeated at least twice to ensure reproducibility.

2.3 Results and discussion

2.3.1Smouldering propagation phenomena

Fig. 2-2 presents thermocouplesultsfor selfsustained smouldering and extinction at

different flow velocities whew = 21%.During the 15 min ignition phase, the coil heater

raises the reaction zone above 500 € in every test, confirming robust ignition.

In the highflow case(U = 4.4 mm/s Fig. 2-2a) shows thesmoulderingpropagation when
the oxygen supply is abundant. After thertih ignition, the gas flow was supplied from the
bottom end of the reactor. The temperature first decreases but soon increases again, indicating
a selfsustainedmoulderingpropagatiorj71]. Temperatures exceed 300 € both aboge Q)
and below ¢ < 0) the ignition plane, indicating bidirectional spread (Big 2-3a). Here, the
downward front benefits from direct oxygen influx and exhibits higher peak temperatures and
propagation rates, while the upward front, fed by residual oxygen, shows lower temperatures
at a > 0. Once all temperatures return to ambient, only a thin mineral ash layer remains,

signifying nearly complete fuel consumption and maximal mass loss.

When the flow is reduced 10 = 1.2mm/s Fig. 2-2b shows that as the airflow velocity is
decreased to 1.2 mmahe forward spread ceasésmperatures abowie< 0 stay below the
smouldering threshold (~250 €]67]. In addition the smoulderingfront only propagates
towards the gas flow from the bottom (opposed), as illustrat&igir2-3b. In this oxygen
limited regime, the downward front consumes nearly all incomiagT@e posttest bed
contains an ash layer under a thekerof virgin fuel, yielding lower mass loss (Section 2.3.3).
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(a) Bidirectional Propagation
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Fig. 2-2 Temperature profiles at different airflovio ( = 21%) velocities, (a)) = 4.42

mm/swith a bidirectional propagation, (k)=1.18 mm/swith a unidirectional propagation,

and (c)U=0.07 mm/swithout smoulderingpropagation.

Reducing the airflow velocity further leads to extinction of smouldering propag&impn
2-2c shows temperature data for a panopagating case at = 0.07 mm/sAlthough the coil

heater raises the local temperature to approximately 500 € during ignition, the temperature

declines monotonically to ambient once the heater is switched off, with no fluctuations.

Extending ignition to 30 or 45 minutes does not init@@agation, confirming that this flow
rate lies below the smouldering threshold for the peat fuel.
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(a) Bidirectional propagation (oxygen-rich)

() Bidirectional (I1) 2nd-stage (1ll) Extinction
(forward + opposed)

(b) Unidirectional propagation (oxygen-limited)

(I) Unidirectional (1) 2nd-stage (111) Extinction
(opposed)

Fig. 2-3 Schematic diagrams of (a) bidirectiosaloulderingpropagation and (b)

unidirectional propagation under different oxygen conditions.

2.3.20xygen supply limit for smauldering

Fig. 2-4a presents the measured minimum flow velogif)f ) required to sustain
smouldering under varying oxygen mole fracti¢és ). Hollow symbols denote tests with no
propagation, serfilled symbols indicate unidirectional spread, and solid symbols correspond
to bidirectional spread. As anticipated, bidirectional propagation demands substantially higher
flow rates than unidirection@ropagation For example, with a forced airflowd( ¢ p R

the minimum velocities for bidirectional and unidirectional mode2 &enm/sand 0.3 mm/s,
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respectively.

Flow velocity, U (mm/s)

Fig. 2-4 (a) Minimum flow velocity {Y ) vs. oxygen concentratiod( ) and (b) minimum
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modes increases as ttveygen fraction declines. For example, redueing from 21% to 10%

raises the minimum velocity for unidirectional propagation f@mm/s to 0.7 mm/&ven

at extremely lowld of 2%, self-sustained smouldering persists when the flow excé2ds

mm/s.Fig. 2-5 shows temperature profiles of a successfubulderingpropagation under 2%

oxygenvolume fraction

To

t he

best

of

t he

aut hor so

concentration reported famoulderingfire. Thermogravimetric data (Fig. A1) confirm that

exothermic char oxidation remains vigorous at 2% oxygen, implying that the limiting oxygen
concentration for peat smouldering lies below this level. We estimate the minimum oxygen

concentration at approximately5 +0.5%. Such a low threshold helps explain the longevity

of subsurface peat fires in oxygpoor deep soilf9].

Empirical correlations between the minimum flow velocity and oxygen fraction are

expressed as follows:

-
>
Y,
~
[t}
>
(1)

P

T8t @
UV

T8t @
VRVo)

(unidirecti daal )

¢ (bidirecti omBalA)

where the unit of the internal flow velocity is mm/s, &af the fitting is 0.97This empirical

kno

form was adopted in accordance with the theoretical analysis of Section 2.3.4. It is valid only

for oxygen mole fractions above the minimum oxygen concentragimuidl.5 %); below
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that value, the correlation lacks physical meaning.

At 2% oxygen, unidirectional propagation no longer occurs. Under rapid flow rates, the
reaction zone at the downward front does not retain oxidiser long enough for complete char
oxidation, so excess oxygen leaks upstream and sustains bidirectional Agreaésult, the
thresholds for the two propagation modes converge at high oxygen fd@efsg. 2-4b).

700
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# H . == 0 cm (Ignition)
500 H I~ eating stage ... 5em
‘:"::—'\\ == -10 cm (Bottom)

400

300

Temperature, T (°C)

200F

100

Time, t (h)

Fig. 2-5 Temperature profile at a flow velocity bf= 14.7 mm/s and oxygen concentration

of ® =2%.

Fig. 2-4b compares the minimum oxygen mass fly@ ) required to sustain
unidirectional and bidirectional smouldering as a function of oxygen mass frdcdlion
Above® =10%,the extinction threshold remains nearly constadt@g +0.01 g/ns, which
we define as the minimum oxygen supply rate for sustained smouldering propagation. It is
possible that this threshold decreasesiforabove atmospheric levels, but further verification
is neededAs the oxygen mass fraction further drops below 10%, the minimum oxygen supply

rate for (unidirectional) smadering propagation gradually increases to 0.25 +0.05g4h

» =2%.

Combining equation§2.1-2.3), we have an empirical correlation between the minimum
oxygen supply rate and oxygen level as

T8t (D
L TB (D
y® 006

(unidirectci8anal )
¢®O (bidirectgénal)
where MOC = 1.5 0.5% for the test peat fuel, aid of the fitting is above 0.9 because the
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difference between oxygen volume and mass fractions are relatively @mall ¢ ).

The transition boundary between bidirectional and unidirectional propagation, plotted in
Fig. 2-44, shifts to higher flow velocities @ decreases, maintaining a nearly constant offset
of about2 mm/s.This suggests that a minimum residence time of estids required for the
forward smouldering front to ignite. Furthermoregasdeclines, both the extinction threshold

and the width of the unidirectional regime narrow, as shoviaigr2-4b.
2.3.3Mass loss andSmouldering temperature

Fig. 2-6a also presents massss fractions and peak smouldering temperatures to clarify
nearlimit behaviair and extinction thresholds. Panel 2.6a shows mass loss for all tests, with
filled symbols for bidirectional propagation, hdilfed symbols for unidirectional propagation,
and hollow symbols for extinction. The forced ignition phase alone consumed about 9% of the
fuel mass (24.3 g of 270 g). Subsequent mass loss falls into three distinct regimes
corresponding to the observed propagation mdgielrectional propagation achieved over
70% mass loss. Excess oxygen supply enabledrecomplete combustioprocessleaving
only a thin ash residue at the reactor bag#ch isclose to the 97% organic fraction of the
peat.Unidirectional propagation consumed 350% of the fuel. Limited oxygesupplies
halted spread beyond the downward front, so a residual layer of unburnt peat remained. The
massloss range in this regime increases with oxygen concentration, mirroring the trend in
required oxygen fluxKig. 2-4b). Extinction (no propagation) still produced-38 % mass loss.

Here, weak char oxidation persisted in the preheated ignition region but lacked sufficient
oxygen todevelopthe reaction front.

(a) Smoldering mass loss (b) Peak smoldering temperature
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Fig. 2-6 (a) Mass loss and (b) the peak temperature during diffsmemtlderingpropagation

modes.
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Fig. 2-6b illustrates how peak smouldering temperatures respond to changes in flow
velocity and oxygen concentration. For this peat soil, maximum temperatures reach
approximately 700 €, in agreement with previous repdf,71,81] Increasing either the
oxygen fraction or the flow velocity elevates the reactione temperatur&or example, given
an oxygen concentration of 18%jsing the flow rate frond.4 mm/s to 4.4 mm/s#ncreases
the peak temperature from 352 € to 658 € by enhancing char oxidat@amversely, as
oxygen and flondecreasgthe peak temperature declines until, at the extinction threshold, it
converges on a global minimum of about 300 €. This value closely matches thexstiation
onset observed in thermogravimetric analysis and corresponds to literature thresholds for

sustaining smoulderings7,82]

2.3.4Analysis of minimum oxygen supply

To explain the relationship between the minimum flow velocity (), minimum oxygen
mass flow rated ; ) and oxygen fractiona§ or® ), a simplified energy conservation
equation is applied to a propagatsmoulderingfront, as shown iffrig. 2-7. At the extinction
limit, the heat generated from the net heterogesmaulderingreactions 1§ ) should just
balance the heat loss from water evaporatipn J, internal flow convectionr{ ), and
environmental heat lossa$ () such as cold walls as

N & n N n Q7
where the minimum oxidation heat generated is

N § a 5 YO YR YO ()
where” s the density of oxider flow, andY'O is the heat of oxidation. Therefore, we can

derive the minimum oxider flow velocity as

x n_n n, P
5 X

Y T
" YO

which shows that the minimum gas flow velocity is inversely proportional to the oxygen
concentration @ ). Thus, the trend of experimental dataFig. 2-4a is successfully

explained.
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Fig. 2-7 Schematics for energy conservation in propagamngulderingfront.

Further reorgasing the energy equation, the minimum oxygen supply rate can be

expressed as

x ” o r’] r’] r’] o
@ Yo CH

As the oxygen concentration decreases, the required internal flow velocity increases

significantly Fig. 2-4a), and its convective cooling)( ) becomes importaf83], as

0
f QY Y Gog Y Y 8o

06% 'YQoi e ‘ya 'm o7y P T
whereQis convective heat transfer coefficieiit, is ambient temperatur®, is the pore size,
' is kinematic viscosity| is thermal diffusivity, andm & p [84]. In the low
concentrationhighflow regime, convective cooling by the internal flow cannot be neglected.

In that case, the minimum oxygen mass flux required to sustain smouldering must supply both

the chemical consumption and the heat losses. It can therefore be expressed as

a Y o rden 8Ty 8 O O pmb 8O

Specifically, withd 1@, we havey © pf® andd  © pI® . Therefore, the
minimum oxygen supply rate increases with the flow velocity and decreases with the oxygen
concentration. This successfully explains the experimental treéfid.ig-4b, when the oxygen

mass fractiondd ) is smaller than 10%.

On the other hand, as the oxygen mass flux further increases, the required flow velocity
will gradually decrease (sé@g. 2-4a). Eventually, the minimum required flow velocity will

be tiny, so the convective heat loss becomes negligible as
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With fixed fuel properties (for example, moisture content) and reactor geometry, the minimum
oxygen flux converges to a constant value. This explains the experimentally observed threshold

ofa 0.08 g/ms at oxygen mass fractions abal@% (sedFig. 2-4b).

Equation (2.8c) also shows that this threshold varies with fuel characteristics. For example,
the oxidation enthalpyYO )depends on fuel composition,
conductivity alters environmental heat losggs). Increased moisture evaporation los§es
likewise demand higher oxygen fluxes. Systematic measurements across different fuel types
and bed conditions are therefore needed to develop a database for evaluating and ranking

smoulderingfire hazards.

2.4 Conclusions

In this chapter, we experimentally determine the oxygen flux thresholds required for
differentsmouldering modes. Following central ignition, increasing the sexidielocity drives
atransition from opposed (unidirectional) to simultaneous oppasddorward (bidirectional)
propagation. The critical flow rate for each mode decreases as oxygen concentration rises, and
the minimum oxygen flux for selsustained smouldering converges @A8 g/nis under
ambient conditions. Smouldering persists at oxygen deasllow as 2%, implying an even
lower limiting concentration. Both mass loss and peak reacwr e temperature increase with
higher oxygen fraction and flow rate, while the minimpnopagation temperature remains
near 300 C regardless of supply. A simplified heatd transfer analysis successfully captures
the relationship between oxygen flux and concentration. Future numerical simulations are

needed to reveal the detailed thermtiemical mechanisms under varied flow regimes. These

results provide cruciahsights into peat fire persistence applied smouldering systems
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Chapter 3 The Roles offFuel Propertiesin Oxygen Thresholds:Bulk

Density and Particle Size

Summary

This chapter investigates how fuel bulk density and particle size govern the oxygen
threshold for smouldering propagation under internal fipwo 5 mm/s. Pine needdeds (bulk
densities 065-120 kg/n?) and wood samplegpdrticle diameters of-50 mm)were tested,
revealing that the critical airflow velocity for sustained smouldering risesulksdensity
decreases or patrticle simereasesAt low flow rates, the reaction frospreadonly against
the flow (opposed propagation). Howevas velocity increases, it transitions to simultaneous
opposedandforward spreadMoreover in loosely packed or coarpacked bedswvhere pore
aperturesare large oxygen infiltrates thdorward propagationfront, enforcing bidirectional
propagation even at minimal velocities. ifnplified thermochemical model demonstrates that
interparticle conductive heat transfer principally sets the minimum oxygen flux required for

smoulderingpropagation

Thi s chapt erY. Qig Y.bzham@g ¥. Cloen, S. Lin* and X. Huang*
(2024).Minimum oxygensupplyratefor smoulderingoropagationEffect of fuel bulk density

andparticlesize.Combustionand Flame, 261,1132920
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3.1 Introduction

Smouldering combustion is a slow, ldemperature, flameless process sustained by

exothermic, heterogeneous oxidation at the hot surfaces of reactive poroufon2ectk®,85]

It involves a complex interplay of chemical reactions and-aedimass transfer, which can

be globally represented in two lumped stdpsl pyrolysis followed by char oxidatid85,86]
Smouldering poses significant hazards across residential environments (bedding, upholstered
furniture, mattresses), industrial settings (silos, storage piles), and natural fuels (coal seams,
peatlands, forest floor litter)see Fig. 3-1a [1,9,87 92]. At the same time, controlled
smouldering offers sustainable routes for energy recovery and waste trefmea; so
advancing fundamental knowledge is essential both for fire prevention and forsomimi

applied smouldering technologigX8,94]

Propagation and extinction of smouldering are governed primarily by two factors: heat loss
and oxygen supply9,59,95] Adequate oxygemavailability must balance endothermic
processes such as drying, pyrolysis, and convective cooling in order to sustain the exothermic
reactions that drive the smouldering frdd2]. Because smouldering is an incomplete
oxidation process, it requires less oxygen than flaming combustion and exhibits a lower
limiting oxygen concentration (LOGp,42]. This enables smoulderirggstainingn oxygen

poor environments such as deep peat and coal de[idsR§]

Most prior investigations of smouldering oxygen limits have been conducted under
quiescent offorced external windtonditions, whichcannotisolate oxygen diffusion to the
reaction zong42]. As a result, reported LOC values vary widely even for the same material
[38,40,41] and the true minimum oxygen mass flux necessary for sustained smouldering
remains unclear. Accurate measurement of oxygen flux through the porous bed is therefore
required to establish reliable LOC thresholds.

In our previous work42], we introduced a tubular reactor that delivers controlled sxidi
flow through the fuel without ambient intrusion. For higtganic peat, we found an LOC
below 2% and a minimum internal oxygen flux0o®8 +0.01 g/n%s , constant for oxygen mass
fractions(® ) abovel5% (se€Fig. 3-1b). However,LOC and flux thresholds for common
fuels such as woofR7,94,97] coal[70], and biowaste§98,99] remain to be determined.
Furthermore, fuel properti¢satincludesparticle size, bulk density, and moisture conteay

alter the oxygen requirements near extincfd0].
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(a) Smouldering process (b) My vs. Yo,
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Fig. 3-1 (a) Smouldering, the flameless combustion, in organic peat soil. (b) minimum
oxygen mass flow rate for supporting smouldering in peat at different oxygen mass fraction
[42], where the oxygen limit achieve a minimum value of 0.08 +0.0%when &

puvb

Accordingly, this study examines the influence of fuel particle size and bulk density on the
minimum oxygen supply rate required for smouldering. Experiments use pine needle and wood
beds under a fixed oxygen mole fractioriof ¢ p Rnd impose internal flow velocities up
to 5 mm/s We quantify mass loss and temperature profiles across varied fluxes, and we develop
a heattransfer analysis to explain how fuel parameters control the minimum oxygen flux for

sustained smouldering.

3.2 Experimental method
3.2.1 Fuel samples and processing

Wood and pine needles were chosen as representative porous fuels mmioaltering
combustion(Fig. 3-2a) [27,101,102] Duff and peat also support smouldering but exhibit
variable composition, so they were not used here. Homogeneous wood chips (fine dust,
medium chips and large chips) were supplied by E&@entech Ltd., and pine needles were
collected from the Saihanwulaiddphere Reserve, China. Thermogravimetric analyses
performed on a PerkinElmer STA 6000 under air and nitrogen atmospheres yield representative

degradation profileEig. A2.
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(a) Fuel samples (b) Experimental setup

Large wood chips Pine needles
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Mesh
Gas Homogenizer

l Gravity vector

12cm

Fig. 3-2 (a) Tested samples of wood (large, medium chips and fine dust) and pine needles (in
different observation views) and (b) schematic diagram of the experimental setup.

Prior to testing in the reaat@Fig. 3-2b), all fuels were overried at 90 € for at least 48
h and equilibrated to moisture contents below 5%, a level shown to exert negligible influence
on smouldering propagati¢40,80] In general, wood chips were relatively stiff, and it is more
feasible to control the fuel size. Comparatively, pine needles were relatively loose, and it is

easier to change the bulk density. Thus, two groups of experiments were designed:
() woods with three particle sized) (©of 1 (fine dust), 25 (medium), 50 mm (large), and

(1) pine needles with the same size (diamet¢iof 0.2 mm and length_j of 25 mm) but
three bulk densities of 55, 80, and 120 k§/m

Note that the bulk densitied () of medium (162 +20 kg/rf) and large chips (178 +30
kg/m®) were close to each other, while the bulk density of fine wood dust (325 +2G)kg/m
doubled. A larger measurement error in bulk density is attributed to the strong dependency on
stacking situation (e.g., the direction of chips), particularly in cases where particle size is
relatively large. Since the solid density X of the wood material was about 600 k§[a¥7],
the porosities/( p " ¥ ) of the large, medium, and fine wood samples were 0.7 £0.02,
0.73 £0.03 and 0.46 £0.03, respectiveljable 3-1 summarses all fuel properties=ig. 3-3
plots the relationship between particle size and bed density.

33



Table3-1 Properties of dry fuel samples in the experiments

Fuel Particle size Bulk density Solid density Porosity  Volatile Fix carbon Ash
= (mm) zy (kg/m® 7 4(kg/m® Yy (9 (%) (%) (%)
1+0.5 (Fine) 325+20 0.46+0.03
Wood 25+5 (medium) 162+20 600+20 0.73+0.03 58.8 38.9 1.1
5010 (large) 178+30 0.70+0.02
5515 0.91+0.01
Pine needl dL=:0£_)i+05.1 8010 607+30 0.87+0.02 47.1 35.7 14.3
120415 0.80+0.02
(a) ppvs. d (b) ppvs. v
T T T T 10
100} Large = PGqPine needles
. —#— wood chips i 08F e
E Medium + 8 Medium #
< 4ol wood chips | 30 6l wood chips Large
ﬁ > wood chips
‘0 Fi ‘@
2 Pine needles wood dust | S04l ;F 1
i o ne
% 1k ? S ﬁa . wood dust
0 T | | 02L  pepy =607 £30 kg/m? ]
_) .
Compressing Pswooa = 800 + 20 kg/m?
0.1 . . . 0.0 L 1 L
0 100 200 300 400 0 100 200 300 400
Bulk density (kg/m?) Bulk density (kg/m?3)

Fig. 3-3 Bulk density versus (a) fuel size and (b) fuel bed porosity of tested pine needles and

wood samples

3.2.2 Experimental setup and procedure

The smouldering experiments were carried out in a vertical tubular reactor fitted with an

ignition system and an asupply moduleseeFig. 3-2b. The reactor is made of 2 mthick

guartz glass and has a total depth of 35 cm, an update from our previoug4igslgsinternal
diameter is 12 cm, giving a cressctional area 113 c?, which minimises lateral wall
cooling[45,67]

Purified air was fed from the base at velocities ub toim/s Since thatgravity and
buoyancy can affect extinction limit&7], future studies should explore different flow
orientations. Here, the average velodity &7 © ) represents the bulk flow rate divided
by gas density and reactor area, not the local pore velocity. A flow homogeoisgrising

mesh, a 5 cm gladsead layer, and a second mesisures uniform supply. Above this, a 20
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cm layer of dried fuel is installed.

To reduce heat loss to the environment, a 1 cm thamealation cotton was applied
around the reactor. An array of eleveriye thermocouples (1 mm bead) is inserted at 2 cm
intervals to record temperature profiles every minute. A 100 W coileigaiitmic-height (z =
0) runs for 20 min to initiate smouldering; once ignition ends, the heater is switched off and

the controlled airflow is begun.

All probe and ignier ports are sealed to prevent leaks. A 1 cm outlet at the reactor top vents
exhaust gases while blocking ambien{4#]. Laboratory conditions wer25 +3 °C, 50 £20%
relative humidiy (equivalently 1.5 £0.6% mole fraction of water in the aeshd 101 kPa
pressureEach condition was tested in at least three replicathsreconsistent ignition or

extinction confirms reproducibilitj42,67]
3.3 Results and discussion
3.3.1 Smouldering propagation phenomena

Fig. 3-4 presents thermocouple measurements for medium wood chips at decreasing
internal flow rates, showing a progression from bidirectional propagation to unidirectional
propagation and then to extinctiddimilar trends were also observed for wood dust and pine

needles in this work and for organic soil in our previous 2k

Under an internal airflow of 4.4 mm/Bi§. 3-44), the ignition zone temperature rose above
300 € by the end of the ignition period, establishing a stable reaction front. After ignition,
airflow induced two separate smouldering fronts: one moving downward against the flow and
one moving upward with the siglual oxygen. The downward front exhibited higher peak
temperatures and produced a thicker ash layer, indicating more complete combustion. At high
flow rates, most oxygen is consumed by the downward front while the excess supports the
upward front. The heg-transfer processes governing these peak temperatures are analysed in
Section 3.3.4.
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(a) Bidirectional smouldering (U = 4.4 mm/s)

700
Medium wood chips
600 -
o
S 500 Opposed front
[
o 400
2
& 300
[}
Q.
£ 200
= Forward front
100
0 L L L L N
0 2 4 6 8 10 12
Time, t (h)
700
600
$ 500
[
o 400
2 [
S 300§
5 200
[
100 [}
0 :
. Airflow
Time, t (h)
(c) No smouldering (U = 0.4 mm/s)
700 3
Medium wood chips —— 10cm 8
600 - - - 6cm
8 B —=— 2cm :E
S_500F% Ignition === -2cm 55
= i —-- -6cm EE
. i
o — -10cm 8
2 1
(] q
Q |
5
|_

8 10 12 i
Airflow

Fig. 3-4 Thermocouple measurements and schematic diagrams of (a) bidirectional
smouldering, (b) unidirectional smouldering and (c) no smouldering in mesizetwood

chips with internal airflow supply rate of 4.4 mm/s, 1.5 mm/s and 0.4 mm/s, respectively.

Under the same ignition protocol and air supply timing, reducing the flow tarh/s Fig.
3-4b) sustained only the opposed smouldering front above 250 €, as all supplied oxygen was
consumed by the downward reaction zone. During ignition, the 6 cm thermocouple recorded
higher temperatures than the 2 cm sensor, likely because of nonuniform therduaiticonin
the fuel bed or because the 2 cm bead sat in a pore rather than solid material. After burnout,
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the fuel surfacelecreasegharply, leaving a clear interface between virgin fuel above and ash

and unburned char below.

Further reduction of the airflow extinguished smoulderiag shown irfFig. 3-4c. Once
ignition ended, temperatures throughout the reactor fell directly to ambient with no secondary
rise. Neither extending the ignition period nor increasing coil p@ustained smouldering

propagation at this flow rate.

3.3.2Smouldering oxygen supply limits vs. fuebed bulk density

Fig. 3-5 correlates the internal airflow velocity required for smouldering with (a) fuel bulk
density(” ) and (b) porosityy) in pineneedle beds. Three regimbgirectional propagation,
unidirectional propagation, and extinctjatefine twodifferentoxygensupply thresholdsOn
the one handFig. 3-5a shows the minimum oxygen supply decreases with the fuel dry bulk
density,indicating that denser beds require less oxygen to sustain smouldgpegfically,
when the bulk density was increased from 55 Rglm 120 kg/mi, theY  decreased

significantly from 0.5 mm/s to 0.2 mm/s.

Conversely, thboundary separating bidirectional and unidirectional modes shifts to higher
velocities at greater bulk densitiég ” =120 kg/mi, bidirectional propagation in the vertical
direction can only be observed at a larger airflow velocity (near 3 mm/s). In contrast, for pine
needles close to their natural bulk densit¢%kg/n?), as long as the provided airflow is larger
than the minimum supply limit, both upward and downward smouldering fronts can be formed
and sustained. The reason behind this fAbidi
excessive @supply to a uniform front (as illustratdedg. 3-6a and detailed in our previous
work [42]). As illustratedin Fig. 3-6b, two leakage scenarinkigh porosity (B1) and large
particle size (B2produce localized oxygen entry that ignites a second front. Consequently,

lower-density beds (higher porosity) are more prone to bidirectional propagation.
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(a) U vs. p;,, (pine needle) (b) U vs. y (pine needle)
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Fig. 3-5 Internal airflow velocity vs. (a) pine needle bulk density and (b) porosity, where
bidirectional,* : unidirectional, andl : extinction. Minimuminternal airflow velocity vs. (c)

fuel bulk density and (d) porosity for different fuel beds.
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(a) Bidirectional smouldering
Scenario A (Excessive O,)

(b) Bidirectional smouldering
Scenario B (Leaked O,)
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fully consumed by the opposed front; and (b) leaked oxygen due to Bipdigkity (low
density) fuel bed or B2: large fuel particles.

Fig. 3-5 (c-d) compile the minimum flow velocitiey  required for smouldering across
fuels of similar particle size (0:3 mm) pine needles, wood dust, and peat $48] as a
function of porosity Although these materials differ in organic content, heat of combustion,
and other physical properti€able3-1 and Appendix2), the trends show that, with particle
size held constant, bulk density is the primary determinant of the oxygen flux needed for
sustained smouldering. Further experimental data spanning diverse fuels, together with
theoretical analyses, are neededeealthe contributions of porosity, composition, thermal

conductivity, and other parameters.

3.3.3Smouldering oxygen supply limits vsfuel particle size

Based on the experimental results, the effect of density oiY thecan also be applied to
wood samples to some extent, as showRig 3-7a. In general, wood samples with higher
bulk densities require less oxygen to support unidirectional smouldering combustion, but a
larger flow rate for bidirectional propagation. However, an anomaly was found when focusing
on bulk density between 150 and02Rg/n¥, that is, the relationship betweenand™Y
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shows no clear trend; this variability reflects sensitivity to chip orientation and packing in that

density range. Consequently, we recast the wood data in terms of particle size rather than bulk

density.

Fig. 3-7b summarses™Y for pineneedle beds of varying needle lengths {®.5m

diameter, length at 25 mm). As particle size decreasesitivmum flow velocity for sustained

smouldering declines, mirroring the effect of increased bulk density. Large wood chips (50 mm)

only exhibited bidirectional propagation at velocities above l/snattributable to oxygen

leakage through intersticeSi§. 3-6 (B2) andFig. 3-7). Thus, both increased particle size and

reduced bed density

propagating front.
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Fig. 3-7 Internal airflow velocity vs. (a) dry bulk density and (b) particle size of wood

samples, where ,1 andi r epr esent

propagationo

3.3.4Smouldering mass loss and temperature

and

Abi di

fino

rectional propa

propagationo,

Mass loss and peak temperature are key indicators of smouldering hehagsar

extinction Fig. 3-8 presents the total mass loss after smouldering, using hollow symbols for

unidirectional propagation and solid symbols for bidirectional propagation. Each data point

reflects a separate test at a given airflow velogilhough pine needles lose more mass during

the ignition phase than wood chips, at higher flow rates wood achieves greater overall mass

loss due to its lower ash fractigdetermined by TG test, s@able3-1 and Appendix2). In

both fuels, mass loss rises with increasing airflow regardless of particle size, bulk density or

propagation mode, highlighting the need for precise oxygen control in biomass smouldering
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applicationg22,27,94]

Importantly, bidirectional spread does not consistently produce higher mass loss than
unidirectional spread, so mass loss alone cannot identify the propagatiarbottel@perature
profiles must also be analysédoreover Fig. 3-8 (c-d) compare how bulk density and particle
size influence mass loss, showing that conditions favouring bidirectional propagainoely

low bulk density or large particle sizeend to reduce overall combustion completeness.
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Fig. 3-8 The effect of (ab) internal airflow velocity, (c) bulk density and (d) particle size on
mass loss during smouldering, whéras unidirectional propagation, and is bidirectional

propagation.

Fig. 3-9 presents the peak smouldering temperatures measured in both fuels. For
unidirectional propagation, the value is the mpaak temperature of the single reaction front;

for bidirectional propagation, it is the mean of the two fronts across repestsdwtith
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standard deviations shown as error bars. Peak temperature rises with increassag ftoudi
rate, reflecting improved oxygen availability and greater heat release during char oxidation.

Thisbehaviar mi rrors the Fi@d&s | oss trends i n

Peak temperature alone does not distinguish propagation mode. For example, large wood
samples atl.2 mm/sairflow exhibited bidirectional spread despite a relatively low peak
temperaturgseeFig. 3-8b). This indicates that bidirectional propagation can result not only
from excess oxygef#2]but al so from oxygen bypass throu
low bulk density or large particle sigeeeFig. 3-6).

Pine needles display a slightly higher minimum péakperature, around 300 €,
compared to 250 € for wood samples. Although neither bulk density nor particle size
substantially alters peak temperature under the same oxygen $sephig. 3-9 (a-b)). In
addition,Fig. 39 (ccd)show t hat bidirectional spread in

corresponds to lower peak temperatures.
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Fig. 3-9 The effect of (ab) flow velocity, (c) bulk density and (d) particle size on peak
smouldering temperatures, where the holldw &nd solid ( ) symbols represent urand
bidirectional propagation, respectively.
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3.3.5Heat and mass transfer analysis

Smoul dering propagati on i s :gooduaionrcendectiory t hr e

and radiationWe appliedenergy conservation to the reaction front under-higar conditions
(Fig. 3-10), which yields a simplified heabalance. At the threshold of propagation or
extinction, the net heat flux released by the smoulddromg (7 ) must exactly balance the

total heat los¢r] ) as

~
-

3 I Ssm
Reaction | ©0000000000000000000000
Front 0000000000000 00000

Fig. 3-10 Schematics for the energy balance for a propagating smouldering front-aimear

conditions.

As smouldering propagation is primarily controlled by thermal conduction in this porous
fuel system with a lowelocity forced airflow (<1 mm/qL03], by rearranging Eq3(1), we
obtain
oy oy
o—

' G 5 0 Y OO 7§ :
n oG A n w0

o8,

where'Qis the effective thermal conductivity in porous media (as a-$olid system),”Y is
the smouldering temperaturey, is the temperature of virgin fued cis the characteristic
length of conductive heat transfer. Therefore, the minimum flow vel¢ity can be derived

as
. 0y "y

Y o o~ (019)
W WOoww

Furthermore, the effective thermal conductividncludes a solid and a radiative component
[47,104}
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where¢ is the temperature dependengcés the StefarBoltzmann constant, is the radiative
conductivity parameter (with units of length) that depends on pore morphology and other

considerations and can be estimated by characterized poi® sige ¢Q [105,106] The

characterized pore size relates to the particle surface™me&d) and bulk density’( , kg/n7)
asQ pI'Y [105]. Therefore, from Eqs3(3-3.4), as the bulk density of fuel increases,

r and™Qwill decrease accordingly, leading to a lower minimum flow velocity () as

TYXTSX,‘[’B'QeB od

On the other hand, as the particle si@eificreases, the specific surface argawill decrease
and thecharacterized pore siz&() will increase. As a result, bothand Qwill increase

simultaneously, leading to a larger minimum flow veloci () as

Y x’@re'Qnge'Q oD

In other words, increased fuel bulk densities or smaller fuel particle sizes can both lower the
minimum oxygen supply required for smouldering propagation by enhancing heat conduction
between the burning zone and virgin fuels. Thus, the proposed hedertranalysis
successfully explains the experimental dafay.(3-5a and Fig. 3-7b) and indicates the
important role of radiation heat transfer across pores in affecting the oxygen supply limit of

smouldering propagation over porous media.

Although these experiments and analyses have clarified the influence of bulk density and
particle size on the minimum oxygen flux for smouldering, further experimental and numerical
work is needed to quantify the dependencéYof on additional fuel properties such as
moisture content, organic fraction, and combustion enthalpy. The current theoretical model
also assumes a constant solid density, which is valid for stogigponent fuels (pine needles
or wood chips) but may not apply heterogeneous mixtures with variable Future studies
should therefore investigate how complex fuel compositions affect smouldering thresholds.

These efforts will both advance our fundamental understanding of smouldering combustion

and provide the basis for a database tooptmio x ygen del i very in wast

and to assess smouldering fire hazard.

3.4Conclusions
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In this chapter, we experimentally quantified how fuel bulk density and particle size
influence the minimum oxygen flux required f
varying bulk densities and wood samples of differing particle sizes were tesae¢krtical
tubular reactor with controlled airflow. Following central ignition, three regimes emerged as
the flow rate was reduced: bidirectional propagation, unidirectional propagation, and extinction.
Bidirectional spread arose either from surpluggen that the opposed front could not consume
or from oxygen bypass through non uniform poc
packing density. We found that the critical flow velocity for sustained smouldering rises as
bulk density decreases aauicle size increases. At extreme porosities, propagation thresholds

converge,and only bidirectional smouldering persists due to oxygen leakage. Finally, a

simplified heat transfer model iI's introducec
adr 0ss pore spaces in setting the oxygen supp
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Chapter 4 Computational Study on Predicting the Smouldering Oxygen
Thresholds

Summary

In this chapter, we develop a edenensional, physiebased model that couples heat and
mass transport with a fivetep heterogeneous reaction scheme to determine the smothering
limit of smouldering in porous pingeedle beds under forced internal osedi flow.
Simulations indicate that the critical oxsdr velocity(or equivalently the oxygen flgxises
as inlet Q concentration fallsJeading toa limiting Oz concentration (LOC) of 3%, in
satisfactoryagreement with experimentssults Furthermore, the required flow rate increases
with decreasing fuel bulk density, lower ambient temperature, or elevated moisture content,
with the model predicting a maximum moistemntentof 110%. Atthe smothering threshold,
the peak reacticmone temperature and propagation speed are approximately 300 € and 0.5

cmvh, respectively.

Thi s chapt erY. Qg Y.bGhengYd Zhang, S. fi.in* and X. Huang*
(2024).Modeling SmotheringLimit of Smouldering Combustion: Oxygen Supply, Fuel
Density,andMoistureContent.Combustionand Flame, 269,1136830
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4.1 Introduction

Smouldering combustion is a slpw o w t e mlanrelass process sustained by
heterogeneous oxidation at hot solid surfaces, involving complex interactions of chemical
reactions and [4/92834,59m@/} poses sewere hidzards in peatlands, coal
seams and forest litter lay€®,16,108,109]and contributes substantially to residential and
industrial fires[110,111] At the same time, controlled smouldering offers routesnergy
production, wasteemoval and pollutioncontrol [21i 23]. A deeper understanding of its
fundamental mechanisms is therefore essential for both hazard mitigation andatjpimaf

applied systems.

Smouldering initiation, spread and quenching depend on the interplay dossezg and
oxygen availability[59]. Previousexperiments[22,67] and computational studie®5] have
systematically characterized how hkrtseggoverns smouldering propagation, establishing a
foundation for both hazard mitigation and the design of industrial smouldering processes.
Equally, oxygen drives the surface oxidation reactions, supplying the heat needed to offset
endothermic sinks such pse-heating, drying, pyrolysis and convective cool[td?2]. Thus,
defining the critical oxygen concentration and smothering limit is essential for setting ignition,
propagation aneéxtinction criterig6,113] Despite this importance, the detailed mechanisms
controlling the minimum oxygen requirement for smlistaining smouldering remain only

partially understood.

In the literaturereports of limiting oxygen concentration (LOC) for biomass smouldering
under winddriven or quiescent conditions vary widefyom 10% [38], 13%[40], and 16%
[41] for peat, 4946] for wood, to 13.5%37] for cellulosic materialBBecause ambient diffusion
could not be fully excluded, the exact oxygen flux reaching the reaction zone was uncertain.
To address this, we recently developed a tubular reactor that delivers a controlleer oxidi
flowd with prescribed oxygen content and flow rteugh the porous bdd?2]. Using high
organic peat, we found LOC below 2% and a minimum internal oxygen fl(0x08f+0.01
g/n?s. However, LOC in porous fuels likely depends on intrinsic properties (density, moisture,
mineral content) andwironmentconditions (system heat loss, ambient temperature, gravity),

requiringfurther investigatiorj45,57,82]

Pine needle litter is a widespread wildland fuel in coniferous forests, forming highly porous
beds that ignite with low energy input and may transition to flaming under wind, posing
significant hazardgl14i 117]. Numerous studies have examined smouldering KinEtic3),
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ignition thresholds [119], propagation dynamics [120i 122], flammability [117], and
smoulderingto-flame transitiong116,123]for pine needles and related litters. Nevertheless,
the role of controlled oxygen supply near extinction remains poorly defined. Our prior work
measured the minimum oxygen flux for smouldering propagation in pine needle beds and
guantified bulkdensity efécts [39], but the influence of other physicochemical and
environmental factors is still unknown. To date, no computational model has been established
specifically to predict oxygen thresholds ardothering limits under forced internal o>seli

flow, highlighting a critical knowledge gap.

I n this work, we extend our experiment al
smoul dering model using t4Nleoupderedsadawr aef Gwer
scheme for pine needld424]. We simulate forced internal oxs#ir flows to determine
smothering limits and to validate our previous reactor experiments and theoretical analyses.

We further explore how moisture content, bulk density and ambient temperature affect
smouldering dynamics and oxygen thresholds. These ®ffam to fill critical gaps in our
understanding and to support the design of
smoul dering based technol ogi es.

4.2 Computational model
4.2.1 Experimentdescription and model establishment

Most investigations of smouldering limits have been conducted under external wind or
guiescent ambient conditiomsaking it difficult toprecisdy quantify the oxygerrequirement
[6,38,40,41] To overcome this, our recent experiments used an enclosed tubular reactor that
delivers a controlled oxider flow through the porous fuf89,42] Because model validation

relies on data from this setup, its configuration is summarised here.

The reacto(Fig. 4-1a) has an internal diameter of 12 evhich islarge enough to suppress
wall quenching effectpt5,67] Meanwhile, the tubular reactor was furteapped ina 2cm
thick thermalinsulation material and aduminiumfoil layer to minimse the lateral heat loss.
Its total height is 30 cm, divided into three zones: a 5 cm insulation section at the top, a 15 cm
combustion section in the middl e, antGeea 10 c
Fig. 4-14). Oxidiser flows with various flow velocities Y, mm/s) and oxygen concentrations

(® (volume fraction) oy (mass fraction), %) were fed from the bottoni g h t K typ:

thermocouples (1 mm bead) are spaced every
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temperature.

Notably, the ignition protocol here differs from tha{8®]: we employ top ignitior{Fig.

4-1 (b-c))t o

avoi

d t he

compl ex

confined local burning seen with bottagnition (Fig. 4-1e). T o

sustained front, a 1 cm layer of pine needfes e

placed athetop the sample as the ignition source.
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Fig. 4-1 (a) Experimental setup to explore the oxygen supply thresholds (or smothering
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limits) of smoulderingcombustion, where pine needles were selected as representative porous

fuel; (b) schematic diagram of the edienensionakmoulderingmodel; (ce) common

ignition locations (top, middle, and bottom ignition protocol) used in the studies of in vertical

smoulderingpropagation.

Pine needlesHig. 4-1) from a larch forest in Saihanwula Biosphere Reserve, China, serve

as the model porous medium. The native needle pack has porosity 0.90 +0.02 and, by
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thermogravimetric analysis, > 80% organic content with ~ 15% mineral matter. Needles were
ovendr i ed at 75 AC f or, whichsh@vn to haveoneghgible éffectmomi st ur
propagatior{69]. By compressing the fuel bed, bulk densities ranging from 50 £10 to 150 +

30 kg/n? were achieved.

With lateral heat loss minimised and ignition applied uniformly, vertical spread is
effectively onedimensional[42]. We therefore implemented all model in Gpyro v0.7
matching the 30 cm sample degtéfer toFig. 4-1a) [47]. Gpyro is a generalized opsource
code for combustible solids and has been used to simulate the pyrolysisianideringof
various porous media such as pd&f, wood[6], PU foam[47], and coa[125]. Simulations
begin with excess oxigeér; if smouldering propagates, the flow is reduced stepwise until

extinction, thus identifying the minimum oxygen fliBubsequent runs vady by adjusting

the N/O2 ratio to explore limiting oxygen conditions across different concentrations.

4.2.2 Governing equations

The onedimensional model computes the transient conservation equations for both
condensed and gas phases, neglecting gravity and buogtiects within the small porous
sample [40,45] In the condensed phase, iitcludes mass conservatiori4.l), species
conservatior{4.2), andenergy conservatiof@.3). In the gas phase, it solves mass consenvatio
(4.4), species conservatio@5),and momentum conser (46LAlon vi a
variables are defined in the Nomenclature, and the full mathematical formulation is available
in the Gpyro technical referenfE6]. The model assumes local thermal equilibrium between
gas and solidynit Schmidt number, identical diffusion coefficients and specific heats for all

gas species, and a constant gas de(sityof 1.161 kg/m, independent of oxygen fraction
(@ )orgastemperaturé).Sol i d phase shrinkage is omitted

the limiting oxygen supply for smoulderinlore details of the mathematical form of these

eguations can be found [#47].
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4.2.3Smouldering chemical kinetics and parameter selection

The heterogeneous chemistry of 8maoulderingpine needles was described by-atép
kinetic scheme with three major components: hemicellulose, cellulose, and[1ligdinThe
5-steps included4(7) drying [dr]; (4.8-4.10 pyrolysis of hemicellulose, cellulose, and lignin
(the typical temperature at ~2%0, ~300°C, and ~350C, respectively)ip], [cp], [Ip]; (4.11)

char oxidation ¢o], expressed as:

WO QIMGO o VIO &i &

"0Qa " QOQABDTHBDE DI € & QDO Qi )
6 Qo & P& IQD Wi € d WOHO Qi T80

0 QOO 0wl € dwa o Qi P T

@i 0 °06IQ QOibE ®p

The normalized destruction rate of condergbdse specigsin reactiork can be expressed

(I)/\QD | ,‘gzd “Q(:) [@ c
‘Y [

where @ is the preexponential factor, an@ is the activation energy. The function for mass

action of reactand is

"Qa° a’ o

whered  is the original mass of the speciesand¢ is the reaction order. The oxidation

model considers oxidative pyrolysis as
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Physical properties of all c o[ ]eamddisted inp h as e
Table4-1, where the subscrigtando represents the solid physical properties (i.e., 1) and
bulk physical properties, respectiveblh| t hough pine needl e beds
heterogeneous than fine particulate fuels such as wood dust, the model treats them as uniform
porous media. As a result, the effective thermal conductivity in the porous medium includes

both bulk conductiomnd radiative transfer across pore voids:
Q Orp T rLY TP U
where’ is dependent on the pore sif2 ) asf D'Q  pX'Y” The permeabilityl{ D'Q ) of
all solid species: hemicellulose, cellulose, lignin, char, and ash, was assumed to be independent
and estimated on the scalepfit * p 1 [105]. The averaged properties of condensed

phase species in each cell were calculated by weighting appropriate mass or volume fractions

as
"T »" hQ Qi Moy " P 0

The kinetic and stoichiometric parameters of thetep reactions were also obtained fi{d2y/]
and listed inTable4-2.

Table4-1 The physical parameters of condenpbdse species

Speciesi{ ® () "w(kgm?) " R (kg/mP) O (WIMK ) g (IkdK )
Water 0.05 1000 1000 0.6 4186
Hemicellulose 0.2 782 150 0.2 1500
Cellulose 0.5 694 150 0.2 1500
Lignin 0.25 454 150 0.2 1500
Char 0 500 100 0.05 3000
Ash 0 150 15 0.1 3000

Table4-2 Chemical kinetic parameters ofs®tp reaction for pine needles, where the reaction

expressioni® ' U0 O 16 ' ; CA@&ndwO >0 means endothermic.
Parameter dr hp cp Ip co
a Qi © 8.12 8.2 12.4 14.7 11.9
o EHN T1 67.8 106 160 236 184
3 3 1.49 0.95 8.7 1.27
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€ h 0.252 454 150 0.2 1500

'R EREC 0 0.24 0.27 0.40 0.06
WO - TEC 2.26 0.2 0.5 0.5 -20
"R EEEC 0 0.5 0.5 0.5 1.5

The initial fuel temperature was set to 300 K. To replicate the dried pine needles from the
experiments, a moisture content of 5% was assumed and the composition was specified as
0.209 hemicellulose 0.529 cellulose and 0.262lignin [127. A convective heat
coefficient of Q p M 7 U represented cooling at both the top and bottom surfaces, and
the biomass emissivity was O0.(@)5vasfiledallo9as pha
J/kgK for all gas specieq47]. A prescribed oxidier flow entered from the bottom of the
domain. To initiate smouldering0 kW/n¥ of heat flux was applied at the top for 5 minutes.
Propagation was deemed successful if the smouldering front moved steadily downward to the
base without observable deceleration or temperature d¢élihen cases of ignition failure,
the heat flux was increased 50 kW/n¥ for 30 minutesAmbient pressure and temperature
were 1 atm and 300 K. Grid convergence was achieved¥aith 0.1 mm and6= 0.01 s.

Further reducing the cell size and time step by a factor of two gave no significantly different

results, so the calculation was sufficiently resolved.

4.3 Computational results and discussions
4.3.1 Base cases and model validation

Two representative casesne with successful sedustained smouldering and one with
extinctionwere compared between experiment singulation. In both cases, pimeedle beds
were prepared at a bulk density’of p ¢ m¢ TE@  and MC = 5%, and oxygen mass
fraction was set ab = 23%. The example temperature profiles of successful and failed
smoulderingpropagation from experimental and simulation results are compafad. ih-2.
Fig. 4-2ashows the experimental measurements under an internal airflow velocity of 2.6 mm/s,
and the simulated temperature profile is presentdeign4-2b for comparisonDespite the
complexity of smouldering, the model reproduces the key features observed experimentally.
The dataexhibit a twestage opposetb-forward propagation, in agreement with previous

findings [16,82] After top ignition, a robust reaction front forms and propagates downward,
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reaching the base within one hour. Thereafter, smouldering advances upward with tee oxidi
stream, characteristic of char oxidation with longer residence time and higher temperature.
Postburnout residues form a fragile ckhash matrix that resists collapse, limiting surface
regression compared to fuels such as peat or fine wood[t&i®ls

(a) Exp. U= 2.6 mm/s; Y,, =23% (b) Sim. U=2.6 mmls; ¥,, = 23%
800 800
1st-stage 2nd_stage — Ocm 1st.stage 2nd.stage — Ocm
opposed forward -+ 2cm opposed forward -+ 2cm
;6600' = - 4cm 6600* — - 4cm
- 6cm o 6 cm
- 8cm ol 8cm
Q 10 cm @ T - 10cm
% 400 === 12cm % 400
é' 14 cm 8
£
g 200 \ & 200 :
O = 1
7 8 0
Time, t (h) Time, t (h)
(c) Exp. U=0.3 mmls; Y,, =23% (d) Sim. U=0.3 mmis; Yy, = 23%
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Stronger ignition 0cm 0cm
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Fig. 4-2 Comparisons of temperature profiles from experimental measurement and
simulations results. {B) successful twastagesmoulderingpropagation under flow velocity
of 2.6 mm/s; and (d) failedsmoulderingoropagation under insufficient oxygen supply of

0.3 mm/s.

When the imposed oxygen flux falls below the critical limit, neither the experiment nor the
simulation yields selfustained propagatiofrig. 4-2(c-d). Under these oxygelimited
conditions, exothermic oxidation cannot sustain the endothermic drying and pyrolysis steps, so
temperatures at all depths simply decay after ignitddote thatin Fi g . 4 .- Qmo t he
thermocouple exhibits a delayed peak relativeFig. 4-2b the experiment includes an
additional 1 cm prégnited ignition layer(see Section 4.2.1Jhe fluctuations observed in the
forwardfront temperaturéFig. 4-2a) likely reflect spatial heterogeneity in fuel properties,
uneven front geometry, and local collapses of cihdrerephenomena not captured by the

model. The simulation also assumes constant fuel properties, neglects microscopic particle
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structure and ash collapgb]l,and cannot hea&ageof d6r omOnonuni
[39]. Therefore, it is impossible to completely match the experimental and simulated results,
especially the timevolution temperature profilgl5]. Neverthelessthe modelsuccessfully

predicts profile shape, peak temperature, and overall spread duration.

Moreover, Fig. 4-3 presents simulated peak temperatures and smouldering durations
(dashed lines) alongside experimental data (symbols). The model reproduces the experimental
trends closely, confirming its validity. In particular, it captures the effect of xidiow: as
the airflow velocity increases, peak temperature rises and burning duration decreases, reflecting
the higher reaction rates and heat release under improved oxygen supply. Conversely, lower
flow rates yield extended burn timesdicaing the persistence of deep underground
smouldering fires that can last for weeks or morjth$6]. These nealimit smouldering
dynamics merit further detailed study.

(a) Smoldering temperature, Exp. vs. Sim. (b) Burning duration, Exp. vs. Sim.
1000 T 960 7
-~ 1 Xo,=21% V' Xo,=21%
© 1 7% ® Exp. i S ® Exp.
T | - - - Sim. : - - - Sim.
é 750 E ______ = 720 i
© L =
® i -T £ } ¢
& L £z ! -
g 500 1 ’,' LA ¢ S 480 ! e l
()] '/ o : > N
o 1 =) 1 N
o~ 1 [m) 1 N A
3 250 E 240 i Mt
° i i
(.% : Simulated oxygen limit : Simulated oxygen limit
0 : 0 1

o 1 2 3 4 5 o 1 2 3 4 5
Airflow velocity (mm/s) Airflow velocity (mm/s)
Fig. 4-3 Comparison of experimental and simulation data osr@ulderingoeak
temperature and (b) burning duration. The satisfactory agreement validates the capability of

computational model.

Comparisons inFig. 4-2 and Fig. 4-3 show close alignment between experimental and
simulated results in propagation mode, spread rate, peak temperature, and burn duration. This
agreement confirms that our model reliably captures the oxggeen propagation and
extinction behaviaor of smouldering in porous pingeedle beds.

4.3.2 Roles of oxygen concentrations

Using the validated model and base cases, we then determined smothering limits by varying
the oxygen mass fractiofi ) of internal oxidser flow. Fig. 4-4a describes the simulated

boundary trendlines for the smothering limitssofioulderingcombustion, i.e., the minimum
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internal flow velocity TY ) to sustainrsmoulderingunder variousy . A LOC of 3 % was

identified below this value, smouldering extinguishes regardless of flowA#trwards, the
predicted required flow velocity increased with the decreasing oxygen mass fraction, which
was consistent with the trend shown in our previous experimental wakounlderingoeat
[42]. For example, the predicted required flow velocity increased from 1.6 mm/s to 12 mm/s,

as®w decreased from 23% to 5%.

Based on previous wotld2,57] at the extinction limit, the heat generated from the net
heterogeneousmoulderingreactions ] ) should just balance the heat loss from water

evaporationtf ), internal flow convection{ ), and environmental heat lossgs ) as
N & n n s N P X
By further organizing Ec4.17, we obtain
N YT YOO06 T ORYY Y  Q QY Y Y
whereY and”Y refers tossmoulderingoropagation rate and temperature. For simplicity, the

radiative heat loss is linearized by using the radiation heat transfer coefflQigj&3]. On the

other hand, the minimum oxidation heat generated can be described as

n n a i YO " ™Y \40) P w
where” is the density of oxider flow, andY'O is the heat osmoulderingoxidation.
Therefore, the minimum oxisir flow velocity and can be derived as

» YT YOO6 Q QY Y o p & ob o1&
"® YO " @p Y Y w O

where for a specific fuel with a particular MC and density,and”Y can be regarded as

constants at the limiting condition @moulderingpropagation[45]. 0 hy— is a

constant relying osmoulderingand ambient temperatures. Therefore, the minimum gas flow

velocity is inversely proportional to the oxygen concentratiohn ( © ) in Eq. @.20),

and the overall trend of simulated results-ig. 4-4ais successfully explained. Furthermore,

the predicted oxygen supply rate was further calculatéd as ” @ 7Y, and the results are
shown inFig. 4-4b. It is found thatt increased from 0.45 g/fsito 0.8 g/m%s when &

decreased from 23% to 4%. This trend also agreed well with the trend found in our previous

experimentg$42].
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Fig. 4-4 Simulation results and boundary trendlines of (a) mininmternal flow velocity
(U) vs.oxygen mass fractiory ); (b) minimum oxygen supply raté ( ) vs.oxygen mass

fraction @ ).

4.3.3 Fuel density, Moisture and ambient temperature

Fuel dry bulk density’( ) and moisture content (M@arywidely in applied smouldering
systems and wildfire settings, and both parameters strongly affect smouldering propagation
and extinctior{128]. To assess the sensitivity of smothering limits to moisture, we varied MC

from 5% to 120% on a dry basis while maintaining dry bulk density accordihg to

" ¥ p - #toaccount for volumetric expansion upon water upfak8].

Simulation results demonstrate that the critical airflow velocity depends markedly on both
fuel dry bulk density Fig. 4-5a) and MC Fig. 4-5b). In particular, increasing fuel dry bulk
density reduces the minimum velocity required to sustain smouldering propagation, in
agreement with earlier experimelisg. 4-5a) [39]. For example, when MC is 50%, as the fuel
dry bulk density increases from 50 kd/mo 300 kg/mi, the airflow velocity required for
sustainingsmoulderingwas predicted to decrease from about 7 mm/s to 3 nirhis.effect
arises because higher density increases the effective thermal conductivity of #83]bed
thereby improving heat transfer from tteaction zone to unburnt fuel and reducing the oxygen
flux needed for continuous smoulderif39].
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Fig. 4-5 Simulation results of the role of (a) fuel dry bulk density, (b) moisture content, and

(c) ambient temperature on oxygen thresholgnobulderingcombustion.

Conversely, increasing moisture content raises the minimum flow velocity required for
sustained smoulderin@ig. 4-5b). For examplewhenMC increased from 5% to 50%, the
required’Y  for high-density pine needle$ ( = 150 kg/m) climbs from approximatel®
mm/s to about 5 mm/3his trend followsEq.4.20, wher€Y increases a§  increasesin

other wordsit demands greater oxadir velocities to supply sufficient exothermic heat release.
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The model also predicts a maximum MC of about 110%, above which smouldering cannot be

maintained regardless of flow rate

In real fire scenarios, the ambient temperature can be much higher which may lead to a
different oxygen threshold. Therefore, the effect of ambient temperat¥rg Was also
investigated and summaed in Fig. 4-5c. In order to focus on the/, the process of water
freezing caused by st#ero temperature was out of the scope of this study. As a result, the
temperature range under investigation was limitedT0 €. Predicted results showed that the
required airflow velocity decreases’asincreases. For example, given a fixed fuel moisture
content of 5%, as the ambient temperature increases fréGtb( 0°C, the predicted required
airflow velocity decreases from about 1.7 mm/s to about 1.4 mm/s. This could be also explained
by Eq.4.17-4.18, which show that highéty lowers environmental heat losses and therefore

decreases the oxygen flux needed for-se$itaining smouldering.

4.3.4Smouldering temperature @& yo) and propagation rate ¢y

Smoulderingtemperature”Y ) and propagation rateY( ) are two key parameters that
describe themoulderingoehaviarrs and reflect the intensities of reactions and the rates of fuel
consumption. Therefor&ig. 4-6 andFig. 4-7 further compare the effects of moisture content
and bulk density on they and™Y , and each curve was controlled to have the same airflow

mass supply rate (i.e1, ). First of all, at the smothering limit, the minimwmouldering

temperature and propagation rate were predicted to be arour€ 20@ 0.5 cm/h, and the
predicted”Y and”Y both increase a&@ increases, agreeing well with the literature

[29,32,129] By considering a -step globalsmoulderingreaction, thesmoulderingburning

flux can be described as

a Y ——ey & p

T T& C

Therefore, asthé@ increases, the reaction ratesafoulderingcombustion increases, leading

to a highesmoulderingemperature and spread rate.
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(a) MC vs. Peak temperature (b) pg,, vs. Peak temperature
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Fig. 4-6 The (peaksmoulderingemperature”l ) as a function of (a) fuel moisture content
and (b) fuel dry bulk density. All curves are trend lines with fixed oxygen supply of

simulated results.
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Fig. 4-7 Thesmoulderingoropagation rate’'Y ) as a function of (a) fuel moisture content
and (b) fuel dry bulk density. All curves are trend lines with fixed oxygen supply of

simulated results.

Fig. 4-6 illustrates that peak smouldering temperatures decline as (a) moisture content
increases or (b) dry bul k denBig.47#dshodstbat e as e s
propagation rates slow with higher moisture and lower bulk density. Increased moisture
demands additional | atent heat for drying, r
speed. Conversely, frolq.4.15, a higher solid density reduces the porosity factandthe

intrinsic conductivity’Q8 This leads to a highesmoulderingtemperature but a lower
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propagation rate as the heat is easier to accumulate and more difficult to dissipate within the
fuel due to a lower thermal conductivi§9], consistent with the trend shownhiyg. 4-6 and

Fig. 4-7. Notably, smouldering temperature is more sensitive to oxygen flux than to moisture
or density variation§l28]. For example, when the air flow rate was stabilized at Zsg/ms

the moisture content was reduced from 20% to 5% stheulderingtemperature was only
decreased by 2. However, if the air flow rate was increased from 3%grto 5 g/ns, the
smoulderingpeak temperature was significantly increased by M0Further fundamental
studies are required to elucidate the detailed mechanisms governing theseupghavio

4.4 Conclusions

In this chapter, we used a om@nensional Gpyro model coupling heatass transfer with
a five step heterogeneous kinetic scheme to quantify smothering limits innpiedle beds

under forced internal oxiser flow. Validation against controlled experiments confirmed the

modebs accuracy. We found that the minimum osedivelocity (or mass flux) needed for self

sustained smouldering rises as oxygen concentration falls, with a limiting oxygen concentration

of approximately 3%, in agreement with both expents and theoretical analysis.

Parametric studies revealed that this threshold velocity increases as fuel density or ambient
temperature decreases and also increases with moisture covitefitpredics a maximum
tolerable MC of ~110 %. Moreover, peak smouldering temperatures drop, and propagation
rates slow with increasing MC or decreasing bulk density, consistent with theoretical

predictions. At the smothering limit, the mogetdictsa minimum reactiorzone temperature

near 300 € and a propagation speed of ~0.3fcrithese findingadvance our understanding
of smouldering resilience and offer guidance for both fire hazard assessment and the design of

controlled smouldering applications.
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Chapter 5 Laboratory Large-scale DemonstrationsPersistent

Smouldering Firesunder In-depth Natural Diffusion

Summary

This chapter presentargescalelaboratoryexperiments demonstrating that smouldering
fires can persist in deep peat layers for over ten days, regardless of ignition depth. As the
ignition point moves deeper, four distinct propagation regiameear (I) downwardonly
spread, (Il) bidirectional (downward + upward) spread, (IHi@pth lateral propagation, and
(IV) localized burn. Modes Ill and IV produce neithgsible smoke nor surface collapse,
underscoring the challenge of detecting subsurface fpeat For initial ignition depths
shallower than-40 cm, peak reactienone temperatures deasewith increasing depth
However, for ignitions deeper thanr40 cm, temperaturesemain stablenear 300 C,
highlighting oxygen transport as the dominant control. Desipit@ersistentombustion, total
mass loss renmas low due to incomplete oxidation at moderate temperatures:sNdace CO
levels range from 10 to 100 ppm, indicating that CO monitoring cbaldised for pilot

detection olunderground fire itensity.

Thi s chapt €rQin 5 MusagSsLantl anadXnHudéing*(2022).DeepPeatFire
PersistentlySmoulderingfor Weeks:A LaboratoryDemonstrationinternational Journal of
Wildland Fire, 32,86-98.0
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5.1 Introduction

Peatisa&aar bon rich soil formed under anaerobi c
partially decomposed vegetatifri,130] Peatlands serve as vital terrestrial carbon reservoirs,
containing roughly onei600GtCpdasmwdk compamahbleatd all s o i |
surface vegetation and approaching the size of the atmospheric carbon pool (-850 Gt C)
[131,132]As a naturally porous, char forming mat
a sl ow, |l ow temperatur e, fl amel ess [%183nbust i c
(Fig. 5-1 (ab)). Climate change and human activities have heightened peatland fire
susceptibility[134,135] and over recent decades, recurring peat fires have inflicted severe
ecological and climatic damage alongside substantial economic Idsk435,136] For
exampl e, 2019 slash and burn fires i n Sout

conflagrations, producing transboundary haze and serious health ifi3aGis38]

Fig.5-1 (a) Smouldering peat fires from aerial view (courtesy: Reuters 2017) and (b) deep
peat fire in the field (courtesy: WV News 2016), (c) lateral and downward peat fire spread
after ignition on top surface, and (d) upward spread of-thyag peat fire$82,128]

Although high moisture content normally inhibits peat ignition, droufyahether
climatically driven or anthropogeniencreases fire risk139]. Ignition sources range from

natural causes such as lightning strikeg., lightning[101,140] flaming wildfire [62], selt
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