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ABSTRACT 

 

Critical Oxygen Supply and Combustion Thresholds of Smouldering Fires 

by 

Yunzhu Qin 

 

Doctor of Philosophy in Department of Building Environment and Energy Engineering 

The Hong Kong Polytechnic University, October 2024 

Supervised by Dr. Xinyan Huang  

 

Smouldering is a slow, low-temperature, and flameless form of combustion, primarily 

governed by two key mechanisms: system heat loss and oxygen supply. The path and rate of 

oxygen supply are critical for sustaining the heterogeneous oxidation reactions that generate 

the heat required to balance endothermic processes such as drying, preheating, environmental 

cooling, and pyrolysis during smouldering propagation. This thesis addresses the fundamental 

issue of oxygen thresholds in near-limit smouldering combustion and examining 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, large-scale laboratory experiments (1 metre in height) were 

performed to demonstrate persistent deep smouldering fires under natural diffusion. The 

insights gained from this work deepen our understanding of smouldering combustion, 

contribute to more effective prevention strategies for smouldering fires, and help optimise 

applied smouldering systems. 

The thesis is structured in a manuscript-style format, beginning with an introduction to the 

literature review and objectives in the first chapter. The following chapters each stand alone as 

an independent paper, which have been published in journals. In the final chapter, the overall 

outcomes are summarised and potential ideas for future research are outlined. 

Chapter 1 reviewed the current methodologies and insights of limiting oxygen supply 

characteristics of smouldering. The knowledge gaps were identified, and general research 

objectives and methodologies were determined to address these gaps.  
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Chapter 2 experimentally determined the limiting oxygen supply to sustain smouldering 

propagation in peat soil. Oxidiser flow velocities (up to 14.7 mm/s) and oxygen concentrations 

ranging from 2% to 21% were controlled as forced internal flow to feed smouldering zone. The 

findings reveal a transition in smouldering behaviour: at higher velocities, smouldering 

propagates bidirectionally (forward and opposed), while reducing the velocity results in 

unidirectional propagation. At a velocity as low as 0.3 mm/s, smouldering ceases, with the 

minimum temperature recorded at around 300°C. As internal flow velocity increases, the 

limiting oxygen concentration (LOC) for sustaining smouldering decreases, reaching a 

minimum value below 2%. When the oxygen concentration exceeds 10%, the minimum 

oxygen supply rate stabilizes at 0.08 ± 0.01 g/m2·s. However, for oxygen concentrations below 

10%, the required oxygen supply rate rises significantly due to enhanced convective cooling 

caused by the higher internal flow velocities.  

Chapter 3 investigated how bulk density and particle size control smouldering in porous 

pine needle beds (55–120 kg/m3) and wood samples of particle size (1–50 mm). The 

experiments demonstrate that the critical airflow velocity for self‐sustained smouldering rises 

when bulk density decreases or particle size grows. At elevated flow rates, smouldering initially 

advances only against the oxidiser stream, then transitions to simultaneous forward and 

opposed spread. However, for larger pore geometries, either from coarser particles or lower 

packing density, oxygen readily penetrates the opposed reaction front, leading to persistent 

bidirectional propagation. A simplified thermochemical model further reveals that interparticle 

conductive heat transfer plays important roles on the oxygen flux needed to maintain 

smouldering. 

Chapter 4 presents a one-dimensional, physics‐based simulation coupling multicomponent 

heat and mass transport with a five‐step heterogeneous reaction scheme to quantify the oxygen 

thresholds for smouldering under forced internal flows. The model predicts that, for fixed flow 

velocity, the LOC for smouldering propagation is 3%, agreeing well with the experimental 

observations and theoretical analysis. Furthermore, the required flow rate increases with 

decreasing fuel density, lower ambient temperature, or higher moisture content, and the 

predicted maximum moisture content capable of supporting smouldering was about 110 %. At 

the smothering limit, the computed peak reaction-zone temperature and propagation rate are 

around 300 oC and 0.5 cm/h. 

Chapter 5 conducts large-scale laboratory experiments demonstrating that, under purely 
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diffusive conditions, smouldering persists in deep peat layers for over ten days, independent of 

ignition depth. Four distinct propagation modes appear as the ignition point moves downward: 

(I) downward propagation, (II) upward-and-downward propagation, (III) in-depth propagation, 

and (IV) no propagation (local burning). Modes III and IV produce neither visible smoke nor 

surface collapse, underscoring the challenge of detecting subsurface peat fires. For ignition 

depths shallower than -40 cm, peak reaction-zone temperatures decline with depth. However, 

temperatures remained stable near 300 °C when initial ignition depth deeper than -40 cm, 

indicating that oxygen availability predominantly governs deep-layer dynamics. Despite 

persistent combustion, overall mass loss remains low owing to incomplete oxidation at these 

moderate temperatures. Near-surface CO levels span tens to hundreds of ppm, suggesting that 

real-time CO monitoring could serve as a pilot detection method for underground fire activity.  

Chapter 6 summarises the overall outcomes of oxygen thresholds and smouldering 

dynamics in oxygen-limited conditions. According to the present findings, the challenges the 

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

1.1 Background and motivation 

From the perspective of combustion, wildfires can be divided into two types: flaming and 

smouldering [1]. Smouldering is a slow, low-temperature, and flameless phenomenon that 

occurs in charring porous fuels such as peat, coal, wood, and forest litter. It is primarily 

sustained by exothermic oxidations when oxygen molecules directly attack the hot surface of 

condensed-phase reactive media. As a typical incomplete combustion, its reaction temperature 

(~450–700 °C), fire spread rate (~1 mm/min), and combustion heat (~6–15 MJ/kg) are lower 

than those of flaming combustion that occur in gas phase. The smouldering process involves 

numerous chemical reactions and intricate heat and mass transfer mechanisms. To summarise 

these processes, smouldering is simplified into two steps: pyrolysis and char oxidation, as 

shown in Fig. 1-1a. 

Pyrolysis is a prerequisite for the occurrence of smouldering reactions: 

Solid fuel + Heat → Pyrolysis gases + Char                         (1.1) 

In this process, charring solid fuels undergo endothermic decomposition (even in the absence 

of oxygen), producing pyrolysis gases, particulate matter (PM), and char. The pyrolysis 

temperature is influenced by fuel properties. Thermogravimetric analysis (TGA) shows that 

the lowest pyrolysis temperature (the threshold temperature at which pyrolysis reactions begin) 

of common fuels (such as wood products and peat) is about 200 °C, while the peak pyrolysis 

temperature (the threshold temperature causing the maximum rate of mass loss) is about 320 °C 

[2]. 

The products of pyrolysis in both gas (pyrolysis gases) and solid (char) phases can undergo 

further oxidation. Flaming occurs when the exothermic reactions are dominated by 

homogeneous reactions between pyrolysis gases and oxygen: 

Pyrolysis gases + Oxygen → Gaseous products + Heat (Flaming)     (1.2a) 

The occurrence of flaming requires sufficient concentrations of pyrolysis gases and oxygen, as 

well as adequate heat and temperature to initiate flaming combustion [3]. By contrast, 

smouldering occurs when the oxidation of solid-phase char dominates the process: 

Char + Oxygen → Gaseous products + Ash + Heat (Smouldering)   (1.2b) 

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 300–350 °C, and the peak oxidation temperature (the threshold temperature causing 
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the maximum rate of mass loss due to char oxidation) is about 440 °C [2]. Notably, metal and 

minerals contained in the char can catalyse oxidation reactions [4], and the inorganic contents 

which cannot be oxidised become ash as combustion residues. Throughout the smouldering 

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. 

 

Fig. 1-1 Schematic diagram of the chemical pathways of flaming and smouldering in charring 

solid fuels, with examples of smouldering and flaming in wood (b) smouldering peatland fire 

around the Swan Lake in Alaska, 2019 (photo by Kale Casey, Alaska Division of Forestry). 

(c) Diagram of the clean smouldering technology for biowaste removal and biofuel 

production [5]. 

Smouldering fires can be a natural disaster or clean technology. On the one hand, it causes 

catastrophic fires (see Fig. 1-1b). Smouldering can be sustained under extreme conditions of 

high moisture content (dry basis MC >100%) and can burn at very low oxygen concentrations. 

Some experiments have measured its critical oxygen concentration to be less than 10% [6]. In 
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contrast, sustaining flaming combustion usually requires at least 14–16% oxygen concentration, 

and flame-retardant materials need environments with oxygen concentrations higher than 

atmospheric levels (21%) to maintain combustion [3]. Even if the oxygen concentration is high, 

flames are difficult to sustain without sufficient airflow, such as in microgravity environments 

[7,8]. Smouldering peat fires and underground coal fires are among the largest and longest-

lasting fire phenomena on Earth [9]. For example, influenced by climate change, Southeast 

Asia has frequent smouldering peat fires since 1991, with the most severe incidents occurring 

in 1997, 2006, 2009, 2013, and 2015 [10]. During the 1997 El Niño event alone, massive peat 

fires in Indonesia triggered a notorious transboundary haze event that lasted over half a year, 

resulting in severe air pollution in densely populated areas and significantly affecting public 

health [11,12]. Smouldering peat fires also occur in northern and boreal regions such as Siberia 

and North America (Fig. 1-1b). In recent years, increasing remote sensing monitoring [13–15] 

and experimental evidence [16,17] have confirmed the existence of “overwintering fires”: 

smouldering fires in cold regions can hibernate underground in low temperature environment 

and re-emerge to the surface when temperatures rise and fuels dry out in the following year, 

and even igniting surface flaming fires [17]. Even during underground propagation, 

smouldering fires continuously emit large amounts of greenhouse gases (GHGs) like CO2 and 

CH4 into the atmosphere, exacerbating climate change and the greenhouse effect in the Arctic 

region, leading to global issues such as glacier melting and permafrost thawing [18,19]. 

Although smouldering fires on a global scale have attracted some attention, our current 

understanding of them is still limited. Considering the natural oxygen supply in underground 

smouldering fires, oxygen diffuses from the fuel surface to deeper layers, resulting in an inverse 

correlation between actual oxygen supply and fuel depth [20]. However 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 of smouldering, there is a lack of research on 

smouldering wildland fires suppression methods based on restricting oxygen supply. 

Therefore, an in-depth understanding of the critical oxygen conditions for smouldering 

is of great significance for understanding the characteristics of smouldering wildland 

fires and controlling large-scale natural disasters. 

On the other hand, well-controlled applied smouldering processes offer promising avenues 

for biofuel production [21], biowaste removal [22], and pollution reduction [23], playing an 

important role in the context of our increasing attention to carbon neutrality and sustainable 
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development. For example, with the accelerated growth of the world’s population and economy 

in recent years, urban solid waste has increased significantly, including kitchen waste, wood 

scraps, and paper debris. Traditional solid waste treatment methods mainly include landfilling, 

biotransformation, and thermochemical treatments [5,24]. It is estimated that nearly 50% of 

major organic waste in Australia in 2020 was simply disposed of through landfilling [25]. 

However, this method leads to large amounts of GHG emissions, which accounts for 10–15% 

of total anthropogenic methane emissions [26]. At the same time, other solid waste treatment 

methods often face challenges such as low conversion efficiency and high energy consumption. 

In contrast, smouldering-based solid waste treatment technologies (Fig. 1-1c) have many 

advantages: (1) self-sustaining, without the need for continuous injection of nitrogen and large 

amounts of heat energy as in pyrolysis processes [27]; (2) The gaseous (CO, CH4, etc.), liquid 

(tar), and solid-phase products (biochar) can all be collected and utilized as clean energy (Fig. 

1-1c) [5]; (3) relatively low reaction temperatures (~500 °C), resulting in lower equipment 

safety risks; (4) simple pretreatment steps, requiring only drying and grinding [27,28]. 

Currently, although the application of smouldering solid waste treatment technology already 

has substantial theoretical and experimental support [29–31] and promising prospects, 

improving its processing efficiency and optimising energy efficiency remains challenging. 

Particularly, oxygen supply, as the dominant mechanism in smouldering reactions, can 

effectively control the intensity and efficiency of reactions [32], but our understandings are still 

limited. Therefore, an in-depth investigation of the critical oxygen characteristics and 

influencing mechanisms of smouldering is beneficial for optimising the application of 

smouldering solid waste treatment systems. In summary, whether from the perspective of 

controlling large-scale smouldering wildland fires or advancing efficient and clean solid waste 

treatment technologies, more in-depth and systematic fundamental research on smouldering 

oxygen supply is needed. 

 

1.2 Literature review 

1.2.1 Smouldering oxygen supply modes 

Oxygen supply modes in smouldering are typically divided into two categories: natural 

oxygen supply (Fig. 1-2a) and forced oxygen supply (Fig. 1-2 (b-d)). In the case of natural 

diffusion oxygen supply, air (oxygen) can be transported from the external environment to the 

smouldering reaction zone driven by natural/free convection and diffusion. For example, 
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natural convection due to buoyancy plays a dominant role in oxygen supply for surface 

smouldering fires where the environmental wind is neglected. In contrast, in underground fires 

that spread in deeper layers, the concentration gradient formed after the consumption of limited 

oxygen makes oxygen diffusion the dominant form of oxygen supply [4,20]. In the one-

dimensional (1-D) deep underground smouldering scenario, 

𝑚̇𝑜𝑥
′′ (𝑦) = −𝜓̅𝐷

𝜕𝑌𝑂2
𝜕𝑦

                  (Diffusion)                (1.3) 

where 𝑦 represents the distance between the smouldering front and the free surface. The term 

𝑚̇𝑜𝑥
′′ (𝑦) denotes the diffusive oxygen supply flux driven by the concentration gradient at 

different depths (in g/m2·s). 𝜓̅ is the average porosity within the porous medium. 𝐷 is the 

diffusion coefficient of oxygen in the porous fuel, influenced by factors such as temperature 

and the porosity of the porous material. The expression 
𝜕𝑌𝑂2

𝜕𝑦
 represents the oxygen 

concentration gradient at depth 𝑦. 

 

Fig. 1-2 Two different oxygen supply scenarios of smouldering combustion: (a) natural 

diffusion; (b) forced horizontal external flow; (c) forced vertical external flow; (d) forced 

internal flow.  
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Forced oxygen supply includes (1) forced external flow: convection where airflow passes 

over (Fig. 1-2b) or toward the fuel surface (Fig. 1-2c), such as in surface smouldering fires 

under the influence of environmental wind, and (2) forced internal flow: directly introducing 

air into the porous fuels (e.g., controlling oxygen supply variables in laboratory smouldering 

experiments or airflow introduced in smouldering solid waste treatment devices). In the 

scenarios of forced external flow on the fuel surface (Fig. 1-2c), the actual oxygen flux at depth 

𝑦, denoted as 𝑚̇𝑜𝑥
′′ (𝑦) can be estimated using Darcy's law: 

𝑚̇𝑜𝑥
′′ (𝑦) =

𝐾𝛥𝑝

µy
· 𝑌𝑂2          (𝐹𝑜𝑟𝑐𝑒𝑑 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  𝑓𝑙𝑜𝑤)         (1.4𝑎) 

where 𝑚̇𝑜𝑥
′′ (𝑦) is the oxygen flux at depth 𝑦. 𝐾 is the permeability of the porous fuel, which is 

related to properties such as material porosity and pore shape. µ is the dynamic viscosity of the 

gas, influenced by factors like gas temperature, concentration, and composition. 𝑌𝑂2 is the mass 

fraction of oxygen in the gas. 𝛥𝑝 is the pressure difference between depth 𝑦 and the fuel surface 

caused by the external forced flow. 

In the scenarios of forced internal flow (Fig. 1-2d), the oxygen supply obtained by the 

smouldering reaction is directly controlled by the gas flow rate: 

𝑚̇𝑜𝑥
′′ = 𝜓𝜌𝑔𝑌𝑂2𝑈            (𝐹𝑜𝑟𝑐𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑓𝑙𝑜𝑤)            (1.4𝑏) 

where 𝑚̇𝑜𝑥
′′  is the oxygen flux within the pores. 𝜓 is the porosity of the porous fuel.  𝜌𝑔 is the 

density of the incoming gas. 𝑌𝑂2 is the mass fraction of oxygen in the gas. 𝑈 is the gas flow 

velocity. 

Based on the fundamental smouldering oxygen supply models discussed above, several 

existing experiments and numerical simulations at different scales have explored the oxygen 

supply limits of smouldering. In the following section, current research methods and results 

will be reviewed, respectively. 

 

1.2.2 Current methodology 

Currently, experiments are the primary approaches for exploring the oxygen supply 

characteristics of smouldering combustion, which can be categorised into micro-scale and 

small-scale studies based on the experimental scale. However, to date, no studies have 

investigated the effects of critical oxygen conditions for smouldering through field combustion 
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experiments. This is because such experiments require strict control of oxygen supply 

conditions, and it is challenging to avoid the influence of environmental wind during on-site 

field tests. 

Micro-scale experiments primarily include methods based on thermogravimetric analysis 

(TGA), electron spin resonance (ESR), and their couples with Fourier-transform infrared 

spectroscopy (FTIR) to explore the kinetics mechanisms of pyrolysis and smouldering. TGA 

analysis is an important approach for studying pyrolysis chemistry in combustion and fire [33]. 

In these experiments, milligram-level samples are placed in a controlled oxygen concentration 

environment, and a controlled temperature ramp is provided (Fig. 1-3a) 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 under air and inert atmospheres are 

typically compared to infer the oxidation reaction rates at different oxygen concentrations, 

thereby determining whether smouldering reactions occur. The ESR method is used for 

reaction analysis at the molecular scale. By 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 occurring [36]. 

Methods for small-scale research on smouldering have been systematically elaborated 

previously [33]. However, small-scale experimental studies on the critical oxygen supply 

characteristics of smouldering typically require introducing an oxygen supply system capable 

of controlling flow rate and concentration based on the original experiments. External forced 

oxygen supply experiments usually direct the oxidiser onto the fuel surface (Fig. 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 power (Fig. 1-3c) [38]. 

Nevertheless, this approach makes it difficult to determine the actual amount of oxygen 

reaching the smouldering front within the porous fuel and cannot eliminate the influence of 

natural oxygen diffusion at the surface of the fuel container. Therefore, small-scale experiments 

often employ internal forced oxygen supply methods, directly measuring the total oxygen 

supply introduced into the smouldering system using a flow meter (Fig. 1-3d) [39]. 
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Fig. 1-3 Current representative experimental and computational setup on smouldering oxygen 

supply limits: (a) microscale (~mg) thermogravimetric analysis; (b) external forced oxygen 

supply [37]; (c) external forced oxygen supply based on FPA [38]; (d) forced internal oxygen 

supply [39]; (e) numerical study based on physical-based model [40]; (f) discrete event 

statistical simulation by CA [41]. 

In small-scale experiments, oxidiser flows of various concentrations are usually obtained 

by mixing pure air with nitrogen or argon gases. To ensure the uniform flow of the mixed gases 

within tubular containers, gas homogenising layers composed of metal mesh, glass beads, or 

gravel are typically installed at the inlet or before the gases enter the container. For near-limit 

critical smouldering experiments, precise control of ignition protocol is also crucial for 

exploring the critical oxygen supply conditions. Common ignition methods in small-scale 

experiments include radiant ignition [38], variable power coil ignition  [39,42], and heated rod 

ignition [43]. Different ignition methods can achieve various smouldering ignition intensities 

by controlling the applied radiation intensity (radiant heat flux) or the conductive temperature 

of the metal igniter. 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 sustain smouldering. In terms 

of large-scale experiments, there are very few large-scale experimental studies on smouldering 
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combustion and fires in the literature due to the challenges in monitoring and extinguishing 

smouldering fires. The existing largest study is the GAMBUT experiment conducted in 

Indonesia (10 m × 10 m) [44]. However, it is difficult to effectively control environmental wind 

in natural settings to explore the impact of oxygen supply. Therefore, such studies only focus 

on the ignition, propagation, extinction, and emission dynamics of smouldering fires. 

Numerical simulations of the oxygen supply characteristics of smouldering are relatively 

limited and can be categorised into physical models based on heat and mass transfer and 

statistical models using discrete event simulations. A typical 1-D smouldering physics-based 

model is shown in Fig. 1-3e, which has been used to simulate ignition, fire spread, and 

extinction in smouldering [45,46]. 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 system, that is, efficient heat exchange 

within the porous medium, where the gas and solid phases share the same temperature within 

the same grid cell. The main governing equations in the model are consistent with those used 

in the open-source software Gpyro [47], including the conservation of (1.5) mass, (1.6) species, 

and (1.7) energy in the condensed phase, as well as the conservation of (1.8) mass, (1.9) species, 

and (1.10) momentum (Darcy’s law) in the gas phase.  

𝜕𝜌̅

𝜕𝑡
= −𝜔̇𝑓𝑔

′′′                                                                   (1.5) 

𝜕(𝜌̅𝑌𝑖)

𝜕𝑡
= 𝜔̇𝑓𝑖

′′′ − 𝜔̇𝑑𝑖
′′′                                                           (1.6) 

𝜕(𝜌̅ℎ̅)

𝜕𝑡
+
𝜕(𝑚̇′′ℎ̅𝑔)

𝜕𝑧
=
𝜕

𝜕𝑧
(𝑘
𝜕𝑇

𝜕𝑧
) +∑𝜔̇𝑑𝑖,𝑘

′′′ 𝛥𝐻𝑘                              (1.7) 

𝜕(𝜌𝑔𝜓̅)

𝜕𝑡
+
𝜕𝑚̇′′

𝜕𝑧
= 𝜔̇𝑓𝑔

′′′                                                     (1.8) 

𝜕(𝜌𝑔𝜓̅𝑌𝑗)

𝜕𝑡
+
𝜕(𝑚̇′′𝑌𝑗)

𝜕𝑧
= −

𝜕

𝜕𝑧
(𝜌𝑔𝜓̅𝐷

𝜕𝑌𝑗

𝜕𝑧
) + (𝜔̇𝑓𝑗

′′′ − 𝜔̇𝑑𝑗
′′′)                   (1.9) 

𝑚̇′′ = −
𝐾̅

𝜈

𝜕𝑝̅

𝜕𝑧
    (𝜌𝑔 =

𝑃𝑀̅

𝑅𝑇
)                                               (1.10) 

In addition to traditional physical models, discrete statistical models based on Cellular 

Automata (CA) have also been used to study the critical oxygen conditions for smouldering 

combustion Fig. 1-3f [41]. CA consist of a large number of regular units, and they exhibit 

complex global behaviour by simulating local interactions between adjacent cells [48]. CA 
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models have been widely applied not only in natural system simulations, image processing, 

and crowd behaviour modelling, but their characteristic of “neighbour cell interactions” also 

makes them highly suitable for simulating fire spread phenomena. For example, existing 

smouldering CA models have already achieved simulations of smouldering fire spread under 

varying moisture content [49,50], field-scale simulations [51], and complex fire spread 

behaviours such as fingering spread [52]. In the study of critical oxygen conditions based on 

CA [41], a grid of 50 × 50 cells is first established, where each cell can be in one of three states: 

“unburned”, “burning”, and “burned out”. The model also includes two parameters: the local 

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

simulations with random values of these two parameters to compare with experimental results, 

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

Table 1-1 summarises the micro-scale and small-scale experimental and simulation studies 

in the existing literature related to the critical oxygen supply characteristics of smouldering 

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

Table 1-1 Experimental information on the limiting oxygen concentration (LOC) of 

smouldering combustion, sorted by fuel type and study scale. The critical oxygen 

concentration of flaming combustion for common solid fuels: 18% (paper) [53] and 19-20% 

(PMMA) [54,55]. 

 

Fuel 
Configuratio

ns 
Study type 

Oxygen supply 

mode 
LOC  Ref. Remarks 

Peat 

Disclosed 

cylindrical 

reactor,  

H=30 mm,  

D=125 mm 

Small-scale 

experiment 

Forced external 

flow 

concentration 9-

35% 

fixed flow rate 20-

150 mm/s 

10% 

Hadden 

et al. 

2013 

[38] 

Burning rate after 

ignition is 

independent of 

external heating 

Peat 
1D mode, 

H=12 cm 

Numerical 

simulation 

Diffusion under 

different oxygen 

concentration 

13% 

Huang 

and 

Rein. 

2016 

[40] 

Relationship 

between critical 

oxygen 

concentration and 

critical water content 

of fuel 

Peat 

Simulation 

domain 10 × 

10 cm, 

grid 50 × 50 

Numerical 

simulation 

(CA) 

Diffusion under 

different oxygen 

concentration 

16% 

Belcher 

et al. 

2010 

[41] 

Verification based 

on combustion rate 

and time in 

experiments 

Pine 

dust 

Disclosed 

square 

reactor,  

H=12 cm, 

l=3.8 cm 

Small-scale 

experiment 

Forced internal 

flow 

concentration 5-

21% 

5% 

Wang et 

al. 2017 

[56] 

Relationship 

between limiting 

concentration and 

external heating 
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fixed flow rate 15 

mm/s 

Moxa 

rod 

Fuel rod, 

D=18 mm 

Small-scale 

experiment 

Forced external 

flow 

Fixed flow 

18L/min 

13.5

% 

Kadowa

ki et al. 

2021 

[37] 

Quenching is due to 

the limited char 

oxidation rate in the 

absence of oxygen. 

Wood 

brick 

Dimension 8 

× 8 × 3 cm 

Small-scale 

experiment 

+ 

Numerical 

simulation 

Exp: Forced 

external flow 

concentration 0-

21% 

flow rate: 

200L/min 

Sim: natural 

diffusion 

4%  

(ig.) 

Richter 

et al. 

2021 [6] 

LOC is affected by 

external radiation 

intensity 

Paper 

scraps 

Disclosed 

cylindrical 

reactor,  

H=15 mm,  

D=20 mm 

Small-scale 

experiment 

Forced internal 

flow 

Concentration 21% 

Max. flow rate 18 

cm/s 

N. 

A. 

Yan and 

Fujita, 

2019 

[43] 

Influence of density 

and heating rod 

temperature 

Coal 5 mg 

ESR Micro-

scale 

experiment 

Forced external 

flow 

Concentration 3-

21% 

Fixed flow 50 

mL/min 

9% 

Zhou et 

al. 2021 

[36] 

Determining the 

oxygen limit by 

measuring free 

radicals and reaction 

rates 

PMM

A 

Cylindrical 

fuel,  

D=13.2 cm, 

l=15 cm 

Small-scale 

Experiment 

(microgravi

ty) 

Forced internal 

flow 

Max. flow  3.66 

g/m2·s 

N. 

A. 

BAR-

ILAN et 

al., 2004 

[57] 

Microgravity 

experiment; 

explored the role of 

buoyancy in 

smouldering 

 

1.2.3 Findings from existing studies 

In small-scale studies, it is challenging to experimentally explore the critical oxygen 

concentration under natural diffusion. Therefore, the limiting diffusive oxygen supply is 

usually solved by numerical simulation. One study on wood blocks identified the oxygen 

concentration ranges required for pyrolysis, smouldering, and flaming under different heat 

fluxes (Fig. 1-4a): < 4% for pyrolysis, 4-15% for smouldering, and > 15% for flaming. It is 

important to note that the smouldering limits this study only focuses on ignition phase. 
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Fig. 1-4 (a) Increasing ambient oxygen concentration with the same external heating flux, the 

phenomenon transitions from pure pyrolysis to smouldering, then to flaming [6]. (b) Critical 

moisture content (𝑀𝐶∗) vs. critical ambient oxygen concentration (𝑋𝑂2
∗ ) found in experiments 

of flaming paper [53] and smouldering peat [38,41], and new predictions [40]. 

 

Another computational study based on physical model also identified the relationship 

between the critical oxygen concentration (𝑋𝑂2
∗ ) and the critical moisture content (𝑀𝐶∗) [40] 

(Fig. 1-4b). The results indicate that as moisture content increases, the critical oxygen 

concentration for smouldering ignition and fire spread rises significantly. Compared to flaming 

combustion, smouldering can sustain under higher fuel moisture content (with a conventional 

oxygen concentration of 𝑋𝑂2 =21%, the 𝑀𝐶∗for smouldering reaches up to 100%, while for 

flaming it is only 40%) and lower oxygen concentration (smouldering 𝑋𝑂2
∗ =13%, flaming 

16%). However, CA simulations yielded higher results: it showed that smouldering reactions 

are suppressed at oxygen concentrations below 18.5% and completely cease at concentrations 

below 16%. The study also re-assessed Earth's flammability limits over the past 350 million 

years based on these findings [41]. 

Furthermore, there is a study employed an internal forced oxygen supply model in 

smouldering pine sawdust [56]. It found that the critical oxygen concentration required for 

smouldering is related to external heating. Self-sustained smouldering can only be initiated 

when the oxygen concentration is between 10% and 21%. When the oxygen concentration 

decreased below 7.5%, sustaining smouldering combustion requires additional external radiant 
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heating. At oxygen concentrations of 5% or lower, smouldering cannot occur, even with the 

assistance of external heating. 

Studies under forced external supply is found to have critical oxygen concentration than 

that observed with internal oxygen supply. Representative studies include directly applying 

airflow to the surface of ignited fuel [37] (Fig. 1-3b) and using the FPA to control ignition 

intensity and oxygen supply conditions [38] (Fig. 1-3c). These studies determined critical 

oxygen concentrations of 13.5% (Fig. 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 insufficient (Fig. 1-5b), indicating that the limited char oxidation to 

release sufficient heat is the primary reason for smouldering extinction. As the oxygen 

concentration increased, both experiments observed higher fire spread rates, burning 

temperatures, and fuel mass loss rates. The study in smouldering peat also revealed that the 

duration of smouldering decreased as oxygen concentration increased [38]. This helps explain 

the phenomenon of persistent smouldering fires in deep underground peat layers. 

 

Fig. 1-5 Critical oxygen supply under forced external flow of (a) moxa rod (~13.5%) [37] and 

(b) peat soil (~10%) [38]. 

Although there are relatively few studies on critical oxygen supply rates in the literature, it 

plays important role in the ignition and extinction of smouldering combustion. The critical 

oxygen supply rates can be influenced by both fuel properties and environmental conditions. 

A study on smouldering ignition in paper scraps found that in low-density fuel, there is 

sufficient oxygen within the gaps of the porous material during ignition. As a result, ignition 

can occur successfully even without additional oxygen supply. However, excessively high 

airflow rates can enhance internal convective heat loss, leading to failed 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 the U-shaped trend in Fig. 1-6 (b-c), where ignition fails both under 

insufficient oxygen supply and excessive airflow rates. 

 

Fig. 1-6 Effects of ignition temperature and air flow rate on ignition behaviour in the 

smouldering ignition experiment of waste paper with different densities [43]. 

 

The influence of environmental conditions on the critical oxygen supply rate for 

smouldering is primarily reflected in the heat loss at system boundaries [28,58]. However, no 

previous studies have systematically explored the impact of boundary heat loss on the 

smouldering oxygen supply limit. Additionally, gravity and buoyancy may also influence 

smouldering in porous fuels. One study used polyurethane foam as fuel, and compared the 

results of forced flow tests under normal gravity with those in microgravity [57]. The results 

showed that under normal gravity, self-sustained propagation required approximately 0.5-0.8 

g/m²·s of air mass flux. In contrast, this critical air mass flux decreased to 0.3 g/m²·s under 

microgravity conditions. This is due to the removal of gravity reduces buoyancy-driven heat 

loss, allowing smouldering to be sustained under lower oxidation rates. 

In summary, even though numerous experimental and numerical studies have explored 

limiting oxygen supply characteristics in near-limit smouldering, most have been conducted 

under quiescent ambient conditions or with external wind, which cannot completely isolate 

oxygen diffusion from the surroundings. This has led to knowledge gaps: (1) the fundamental 

research problem of the actual minimum oxygen rate required to sustain smouldering remains 

unclear. (2) the roles of fuel properties and environmental conditions are still not well 

understood. (3) Even for the same fuel, varying values of LOC are reported due to different 

setup and boundary conditions. Hence, further systematic investigation in smouldering oxygen 

thresholds is required. 
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1.3 Aims and Objectives 

In view of the above issues, this thesis aims to systematically study the oxygen supply limits 

in near-limit smouldering through both experimental and computational methods. The 

objectives of this thesis are as follows: 

(1) To explore the oxygen threshold for smouldering combustion, including the limiting 

oxygen concentration and minimum oxygen supply rate, using a newly designed forced 

internal oxygen supply reactor. 

(2) To quantitatively analyse the influence of fuel properties (bulk density, particle size, MC) 

and environmental conditions on the oxygen thresholds of smouldering. 

(3) To establish a numerical model and validate it using previous experimental data, enabling 

the model to explore the critical oxygen supply characteristics of smouldering. 

(4) To conduct laboratory large-scale laboratory experiments and observe smouldering 

behaviour under oxygen-limited conditions driven by natural diffusion in deep-layer 

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 style: Chapter 1 introduces the background, research 

motivation, and reviews current methodologies and insights in literature.  

Chapter 2 presents the design of a novel reactor that allows precise control and 

measurement of the oxidiser flow entering the smouldering 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 with Chapter 2: Y. Qin, Y. Chen, S. Lin* and X. Huang* 

(2022). Limiting Oxygen Concentration and Supply Rate of Smouldering Propagation. 

Combustion and Flame, 245, 112380. 

Chapter 3 conducts more experiments in typical natural fuels to analyse and explain the 

role of fuel properties, such as bulk density and particle size, in smouldering oxygen thresholds. 

Peer reviewed paper associated with Chapter 3: Y. Qin, Y. Zhang, Y. Chen, S. Lin* and X. 

Huang* (2024). Minimum oxygen supply rate for smouldering propagation: Effect of fuel bulk 

density and particle size. Combustion and Flame, 261, 113292. 
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Chapter 4 attempts to develop a computational model and validate it using previous 

experimental data. This enables the prediction of the influence of additional fuel properties and 

environmental temperatures on smouldering oxygen thresholds. 

Peer reviewed paper associated with Chapter 4: Y. Qin, Y. Chen, Y. Zhang, S. Lin* and X. 

Huang* (2024). Modeling Smothering Limit of Smouldering Combustion: Oxygen Supply, 

Fuel Density, and Moisture Content. Combustion and Flame, 269, 113683. 

Chapter 5 performs large-scale laboratory experiments (1 metre in height) to demonstrate 

persistent smouldering phenomena and observe fire behaviour under oxygen-limited 

conditions. 

Peer reviewed paper associated with Chapter 5: Y. Qin, D. Musa, S. Lin* and X. Huang* 

(2022). Deep Peat Fire Persistently Smouldering for Weeks: A Laboratory Demonstration. 

International Journal of Wildland Fire, 32, 86-98. 

Chapter 6 summarises the conclusions and suggests some ideas for future research. 
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Chapter 2 Experimental Study on Oxygen Thresholds: Limiting Oxygen 

Concentration and Supply Rate under Internal Forced Flow 

 

Summary 

This chapter presents experimental measurements of the minimum oxidiser flux required 

to sustain different 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 velocity decreases as the oxygen 

fraction rises, and the corresponding oxygen flux converges on 0.08 ± 0.01 g/m2·s under 

ambient air. Notably, smouldering persists even at an extremely low O2 volume fraction of 2%. 

With higher O2 concentration or flow velocity, both the overall mass loss and the peak 

reaction‐zone temperature increase, while the minimum smouldering temperature remains 

near 300 °C regardless of supply conditions. A simplified heat‐and-mass transfer model 

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

concentration. 

 

This chapter is based on “Y. Qin, Y. Chen, S. Lin* and X. Huang* (2022). Limiting Oxygen 

Concentration and Supply Rate of Smouldering Propagation. Combustion and Flame, 245, 

112380.” 
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2.1 Introduction 

Smouldering combustion is slow, low-temperature, and flameless that is driven by 

exothermic heterogeneous oxidations when oxygen molecules directly attack the hot fuel 

surface [4,9,59]. In porous media, smouldering can be triggered by weak heating or even self-

ignition, and may transition to flaming [60–63]. Once initiated, it persists under extreme 

conditions such as poor oxygen supply and high moisture, making it the dominant combustion 

mode in many residential, industrial, and natural fires [40,64]. For example, underground peat 

fires endure in oxygen-limited soil for months [1], while engineered smouldering reactors 

efficiently treat wet organic wastes [28,65,66]. A deeper understanding of smouldering is 

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

Two key factors dominates the spread and extinction of smouldering: oxygen availability 

and systematic heat loss [4,9,59]. Heat loss effects, including wall quenching [45,67,68], 

moisture evaporation [68–72], and wind cooling [60] are now well characterized. By contrast, 

despite the effect of oxygen levels on smouldering has been explored since the 1970s [73], the 

oxygen threshold behaviour remains poorly quantified. Early work showed smouldering spread 

at O2 levels down to 6% in self-ignition tests [74], but another work showed that 5% ambient 

O2 wasn’t sufficient to extinct smouldering on coal and wood chips [75]. However, reported 

limiting oxygen concentrations (LOCs) vary widely, even for the same fuel, depending on 

experimental configuration [6,38,40,41]. Peat smouldering failed below 16% O2 without forced 

flow [41], yet persisted at 11% under flow conditions [38]. Wood LOCs range from 10% with 

internal airflow [56] to 4–6% under intense irradiation [6] and increase further with moisture 

content [40]. The physical basis for these disparate LOC values remains unresolved. 

Moreover, reducing ambient pressure or gravity further lowers the oxygen threshold for 

smouldering [57,76–78]. Experiments report minimum pressures of 10–20 kPa, comparable to 

quenching pressures in flames [77,78]. Furthermore, microgravity tests reveal that smouldering 

polyurethane foam demands less oxygen flow in space than under 1 g [57]. Yet 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 quiescent ambient studies, diffusion and natural convection provide oxygen to sustain 

smouldering, but uncontrolled ambient exchange makes it difficult for accurate flux 

quantification. To address this, we isolate a peat column from external air and impose a 

controlled oxidiser flow oxidiser flow with velocity (𝑈 ) up to 14.74 mm/s and oxygen 
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concentration (𝑋𝑂2) of 2%-21%. We then measure total mass loss and peak reaction‐zone 

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 propagation. 

 

2.2 Experimental method 

2.2.1 Porous peat soil 

The experiments employed organic peat soil, a porous fuel prone to smouldering, as 

described in our previous work (Fig. 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 oven-dried at 90 °C for 48 h and then equilibrated at roughly 

5% moisture upon exposure to ambient air. This level has been shown to exert negligible 

impact on smouldering propagation [40,80]. Measured bulk density and porosity were 145 ± 

10 kg/m3 and 0.90 ± 0.01 [45], respectively. Particle 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 performed at five oxygen concentrations of 21% (air), 10%, 5%, 2%, and 0 (pure 

nitrogen), and selected mass-loss rates and heat-flow data are provided in Appendix 1 (Fig. 

A1). 

 

2.2.2 Experimental setup  

Fig. 2-1 shows the experimental setup, which comprises a tubular smouldering reactor, an 

ignition system, and an oxidiser supply system. The reactor is constructed from 2 mm thick 

quartz glass, with an internal diameter of 12 cm to minimise wall quenching, and 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 20 cm, is placed 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. Oxidiser 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 ambient air diffusion, 

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

 

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

sample. 

 

2.2.3 Test 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 losses. The oxidiser, with prescribed 

oxygen concentration (𝑋𝑂2 ) and flow velocity (𝑈) was introduced from the reactor base. 

Oxygen supply rate was defined as the mass flux through the reactor cross section: 

𝑚̇𝑜𝑥
′′ = 𝜌𝑔𝑌𝑂2𝑈                                                              (2.1) 

where 𝑈 is the average cross-sectional velocity; 𝜌𝑔 is the gas density; 𝑌𝑂2is the oxygen mass 

fraction. The relationship between 𝑋𝑂2 and 𝑌𝑂2 is given as: 

𝑋𝑂2 = 𝜌𝑔
𝑌𝑂2
𝜌𝑂2

                                                                 (2.2) 

Each test began at 𝑋𝑂2= 21%. If the smouldering propagation can self-sustain after ignition, 

the flow velocity for was decreased for another individual test until extinction, so that the 
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minimum flow velocity (𝑈𝑚𝑖𝑛) was found. Subsequently, the value of 𝑋𝑂2  was reduced to 

conduct tests with fresh samples and find the relationship between 𝑋𝑂2 and 𝑈𝑚𝑖𝑛. 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/s. Laboratory conditions were 22 ± 2 oC, the humidity was 50 ± 10%, and 

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

 

2.3 Results and discussion 

2.3.1 Smouldering propagation phenomena  

Fig. 2-2 presents thermocouple results for self-sustained smouldering and extinction at 

different flow velocities when 𝑋𝑂2= 21%. During the 15 min ignition phase, the coil heater 

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

In the high-flow case (U = 4.4 mm/s, Fig. 2-2a) shows the smouldering propagation when 

the oxygen supply is abundant. After the 15-min ignition, the gas flow was supplied from the 

bottom end of the reactor. The temperature first decreases but soon increases again, indicating 

a self-sustained smouldering propagation [71]. Temperatures exceed 300 °C both above (𝑧 > 0) 

and below (𝑧 < 0) the ignition plane, indicating bidirectional spread (see Fig. 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 𝑧 > 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 to U = 1.2 mm/s, Fig. 2-2b shows that as the airflow velocity is 

decreased to 1.2 mm/s, the forward spread ceases: temperatures above 𝑧 < 0 stay below the 

smouldering threshold (~250 °C) [67]. In addition, the smouldering front only propagates 

towards the gas flow from the bottom (opposed), as illustrated in Fig. 2-3b. In this oxygen-

limited regime, the downward front consumes nearly all incoming O2. The post-test bed 

contains an ash layer under a thick layer of virgin fuel, yielding lower mass loss (Section 2.3.3). 
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Fig. 2-2 Temperature profiles at different airflow (𝑋𝑂2= 21%) velocities, (a) U = 4.42 

mm/s with a bidirectional propagation, (b) U=1.18 mm/s with a unidirectional propagation, 

and (c) U=0.07 mm/s without smouldering propagation. 

 

Reducing the airflow velocity further leads to extinction of smouldering propagation. Fig. 

2-2c shows temperature data for a non-propagating case at U = 0.07 mm/s. Although the coil 

heater raises the local temperature to approximately 500 °C 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 initiate propagation, confirming that this flow 

rate lies below the smouldering threshold for the peat fuel. 
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Fig. 2-3 Schematic diagrams of (a) bidirectional smouldering propagation and (b) 

unidirectional propagation under different oxygen conditions. 

 

2.3.2 Oxygen supply limit for smouldering 

Fig. 2-4a presents the measured minimum flow velocity (𝑈𝑚𝑖𝑛 ) required to sustain 

smouldering under varying oxygen mole fractions (𝑋𝑂2). Hollow symbols denote tests with no 

propagation, semi-filled symbols indicate unidirectional spread, and solid symbols correspond 

to bidirectional spread. As anticipated, bidirectional propagation demands substantially higher 

flow rates than unidirectional propagation. For example, with a forced airflow (𝑋𝑂2 = 21%), 

the minimum velocities for bidirectional and unidirectional modes are 2.9 mm/s and 0.3 mm/s, 
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respectively. 

 

Fig. 2-4 (a) Minimum flow velocity (𝑈𝑚𝑖𝑛) vs. oxygen concentration (𝑋𝑂2 ) and (b) minimum 

oxygen mass flow rate (𝑚̇𝑜𝑥,𝑚𝑖𝑛
′′ ) vs. oxygen mass fraction (𝑌𝑂2 ). 

The required oxidiser flow velocity for both unidirectional and bidirectional smouldering 

modes increases as the oxygen fraction declines. For example, reducing 𝑋𝑂2 from 21% to 10% 

raises the minimum velocity for unidirectional propagation from 0.3 mm/s to 0.7 mm/s. Even 

at extremely low 𝑋𝑂2 of 2%, self-sustained smouldering persists when the flow exceeds 12.5 

mm/s. Fig. 2-5 shows temperature profiles of a successful smouldering propagation under 2% 

oxygen volume fraction. To the best of the authors’ knowledge, this is the lowest oxygen 

concentration reported for smouldering fire. 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 approximately 1.5 ± 0.5%. Such a low threshold helps explain the longevity 

of subsurface peat fires in oxygen-poor deep soils [9]. 

Empirical correlations between the minimum flow velocity and oxygen fraction are 

expressed as follows: 

𝑈𝑚𝑖𝑛 =

{
 
 

 
 

0.06

𝑋𝑂2 −𝑀𝑂𝐶
         (unidirectional)                 (2.3a)

 
0.06

𝑋𝑂2 −𝑀𝑂𝐶
+ 2    (bidirectional)                   (2.3b)

    

where the unit of the internal flow velocity is mm/s, and R2 of the fitting is 0.97. This empirical 

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 concentration (around 1.5 %); 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 spread. As a result, the 

thresholds for the two propagation modes converge at high oxygen fluxes (see Fig. 2-4b).  

 

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

of 𝑋𝑂2= 2%. 

Fig. 2-4b compares the minimum oxygen mass flux ( 𝑚̇𝑂2,𝑚𝑖𝑛
′′ ) required to sustain 

unidirectional and bidirectional smouldering as a function of oxygen mass fraction (𝑌𝑂2 ). 

Above 𝑌𝑂2=10%, the extinction threshold remains nearly constant at 0.08 ± 0.01 g/m2·s, which 

we define as the minimum oxygen supply rate for sustained smouldering propagation. It is 

possible that this threshold decreases for 𝑌𝑂2 above atmospheric levels, but further verification 

is needed. As the oxygen mass fraction further drops below 10%, the minimum oxygen supply 

rate for (unidirectional) smouldering propagation gradually increases to 0.25 ± 0.05 g/m2·s at 

𝑋𝑂2=2%.  

Combining equations (2.1-2.3), we have an empirical correlation between the minimum 

oxygen supply rate and oxygen level as 

𝑚̇𝑂2,𝑚𝑖𝑛
′′ = 𝜌𝑔𝑌𝑂2𝑈𝑚𝑖𝑛 ≈

{
 
 

 
 

0.08𝑌𝑂2
𝑌𝑂2 −𝑀𝑂𝐶

                    (unidirectional)            (2.4a)

 
0.08𝑌𝑂2

𝑌𝑂2 −𝑀𝑂𝐶
+ 2.5𝑌𝑂2      (bidirectional)             (2.4b)

    

where MOC = 1.5 ± 0.5% for the test peat fuel, and R2 of the fitting is above 0.9 because the 
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difference between oxygen volume and mass fractions are relatively small (𝑋𝑂2 ≈ 𝑌𝑂2).  

The transition boundary between bidirectional and unidirectional propagation, plotted in 

Fig. 2-4a, shifts to higher flow velocities as 𝑌𝑂2 decreases, maintaining a nearly constant offset 

of about 2 mm/s. This suggests that a minimum residence time of oxidiser is required for the 

forward smouldering front to ignite. Furthermore, as 𝑌𝑂2 declines, both the extinction threshold 

and the width of the unidirectional regime narrow, as shown in Fig. 2-4b. 

2.3.3 Mass loss and Smouldering temperature  

Fig. 2-6a also presents mass-loss fractions and peak smouldering temperatures to clarify 

near-limit behaviour and extinction thresholds. Panel 2.6a shows mass loss for all tests, with 

filled symbols for bidirectional propagation, half-filled 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 modes: Bidirectional propagation achieved over 

70% mass loss. Excess oxygen supply enabled a more complete combustion process, leaving 

only a thin ash residue at the reactor base, which is close to the 97% organic fraction of the 

peat. Unidirectional propagation consumed 35-70% of the fuel. Limited oxygen supplies 

halted spread beyond the downward front, so a residual layer of unburnt peat remained. The 

mass-loss range in this regime increases with oxygen concentration, mirroring the trend in 

required oxygen flux (Fig. 2-4b). Extinction (no propagation) still produced 10-35 % mass loss. 

Here, weak char oxidation persisted in the preheated ignition region but lacked sufficient 

oxygen to develop the reaction front. 

 

Fig. 2-6 (a) Mass loss and (b) the peak temperature during different smouldering-propagation 

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 °C, in agreement with previous reports [67,71,81]. Increasing either the 

oxygen fraction or the flow velocity elevates the reaction-zone temperature. For example, given 

an oxygen concentration of 18%, raising the flow rate from 0.4 mm/s to 4.4 mm/s, increases 

the peak temperature from 352 °C to 658 °C by enhancing char oxidation. Conversely, as 

oxygen and flow decrease, the peak temperature declines until, at the extinction threshold, it 

converges on a global minimum of about 300 °C. This value closely matches the char-oxidation 

onset observed in thermogravimetric analysis and corresponds to literature thresholds for 

sustaining smouldering [67,82].  

 

2.3.4 Analysis of minimum oxygen supply 

To explain the relationship between the minimum flow velocity (𝑈𝑚𝑖𝑛), minimum oxygen 

mass flow rate (𝑚̇𝑂2,𝑚𝑖𝑛
′′ ) and oxygen fraction (𝑋𝑂2 or 𝑌𝑂2), a simplified energy conservation 

equation is applied to a propagating smouldering front, as shown in Fig. 2-7. At the extinction 

limit, the heat generated from the net heterogenous smouldering reactions (𝑞̇𝑠𝑚
′′ ) should just 

balance the heat loss from water evaporation (𝑞̇𝑀𝐶
′′ ), internal flow convection (𝑞̇𝑐𝑜𝑛𝑣

′′ ), and 

environmental heat losses (𝑞̇𝑒
′′) such as cold walls as 

𝑞̇𝑠𝑚,𝑚𝑖𝑛
′′ = 𝑞̇𝑀𝐶

′′ + 𝑞̇𝑐𝑜𝑛𝑣
′′ + 𝑞̇𝑒

′′                                                  (2.5) 

where the minimum oxidation heat generated is  

𝑞̇𝑠𝑚,𝑚𝑖𝑛
′′ = 𝑚̇𝑂2,𝑚𝑖𝑛

′′ ∆𝐻𝑜𝑥 = 𝜌𝑔(𝑈𝑌𝑂2)𝑚𝑖𝑛∆𝐻𝑜𝑥                                   (2.6) 

where 𝜌𝑔 is the density of oxidiser flow, and ∆𝐻𝑜𝑥 is the heat of oxidation. Therefore, we can 

derive the minimum oxidiser flow velocity as 

𝑈𝑚𝑖𝑛 =
𝑞̇𝑀𝐶
′′ + 𝑞̇𝑐𝑜𝑛𝑣

′′ + 𝑞̇𝑒
′′

𝜌𝑔𝑌𝑂2 ∆𝐻𝑜𝑥
∝

1

𝑌𝑂2 
                                          (2.7)  

which shows that the minimum gas flow velocity is inversely proportional to the oxygen 

concentration (𝑋𝑂2 ≈ 𝑌𝑂2 ). Thus, the trend of experimental data in Fig. 2-4a is successfully 

explained.  
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Fig. 2-7 Schematics for energy conservation in propagating smouldering front. 

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

expressed as 

𝑚̇𝑂2,𝑚𝑖𝑛
′′ = 𝑈𝑚𝑖𝑛𝜌𝑔𝑌𝑂2 =

𝑞̇𝑀𝐶
′′ + 𝑞̇𝑐𝑜𝑛𝑣

′′ + 𝑞̇𝑒
′′

∆𝐻𝑜𝑥
                                     (2.8𝑎) 

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

significantly (Fig. 2-4a), and its convective cooling (𝑞̇𝑐𝑜𝑛𝑣
′′ ) becomes important [83], as 

𝑞̇𝑐𝑜𝑛𝑣
′′ = ℎ(𝑇𝑠𝑚 − 𝑇∞) = 𝑁𝑢 (

𝑘

𝐷
) (𝑇𝑠𝑚 − 𝑇∞)                                       (2.9) 

𝑁𝑢 ∝ 𝑅𝑒𝑚𝑃𝑟𝑛 ∝ (𝑈𝐷/𝜈)𝑚(𝜈/𝛼)𝑛 ∝ 𝑈𝑚                                            (2.10) 

where ℎ is convective heat transfer coefficient, 𝑇∞ is ambient temperature, D is the pore size, 

𝜈  is kinematic viscosity, 𝛼  is thermal diffusivity, and 0 < 𝑚 < 1  [84]. In the low-

concentration, high-flow 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 

𝑚̇𝑂2,𝑚𝑖𝑛
′′ = 𝑈𝑚𝑖𝑛𝜌𝑔𝑌𝑂2 ∝ 𝑞̇𝑐𝑜𝑛𝑣

′′ ∝ 𝑈𝑚𝑖𝑛
𝑚 ∝ (𝑌𝑂2 )

𝑚
𝑚−1        (𝑌𝑂2 < 10%)     (2.8𝑏) 

Specifically, with 𝑚 = 0.5 , we have 𝑈𝑚𝑖𝑛
 ∝ 1/𝑌𝑂2

2  and 𝑚̇𝑂2,𝑚𝑖𝑛
′′ ∝ 1/𝑌𝑂2 . Therefore, the 

minimum oxygen supply rate increases with the flow velocity and decreases with the oxygen 

concentration. This successfully explains the experimental trend in Fig. 2-4b, when the oxygen 

mass fraction (𝑌𝑂2 ) is smaller than 10%.  

On the other hand, as the oxygen mass flux further increases, the required flow velocity 

will gradually decrease (see Fig. 2-4a). Eventually, the minimum required flow velocity will 

be tiny, so the convective heat loss becomes negligible as 
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𝑚̇𝑂2,𝑚𝑖𝑛
′′ =

𝑞̇𝑀𝐶
′′ + 𝑞̇𝑐𝑜𝑛𝑣

′′ + 𝑞̇𝑒
′′

∆𝐻𝑜𝑥
≈
𝑞̇𝑀𝐶
′′ + 𝑞̇𝑒

′′

∆𝐻𝑜𝑥
=  const.     (𝑌𝑂2 ≥ 10%)         (2.8𝑐)  

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 

of 𝑚̇𝑂2,𝑚𝑖𝑛
′′ = 0.08 g/m2·s at oxygen mass fractions above 10% (see Fig. 2-4b).  

Equation (2.8c) also shows that this threshold varies with fuel characteristics. For example, 

the oxidation enthalpy (∆𝐻𝑜𝑥 ) depends on fuel composition, and the fuel bed’s thermal 

conductivity alters environmental heat losses (𝑞̇𝑒
′′). Increased moisture evaporation losses 𝑞̇𝑀𝐶

′′  

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 

smouldering-fire hazards. 

 

2.4 Conclusions 

In this chapter, we experimentally determine the oxygen flux thresholds required for 

different smouldering modes. Following central ignition, increasing the oxidiser velocity drives 

a transition from opposed (unidirectional) to simultaneous opposed-and-forward (bidirectional) 

propagation. The critical flow rate for each mode decreases as oxygen concentration rises, and 

the minimum oxygen flux for self‐sustained smouldering converges on 0.08 g/m2·s under 

ambient conditions. Smouldering persists at oxygen levels as low as 2%, implying an even 

lower limiting concentration. Both mass loss and peak reaction‐zone temperature increase with 

higher oxygen fraction and flow rate, while the minimum propagation temperature remains 

near 300 °C regardless of supply. A simplified heat-and‐transfer analysis successfully captures 

the relationship between oxygen flux and concentration. Future numerical simulations are 

needed to reveal the detailed thermo‐chemical mechanisms under varied flow regimes. These 

results provide crucial insights into peat fire persistence and applied smouldering systems. 
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Chapter 3 The Roles of Fuel Properties in 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 flow up to 5 mm/s. Pine needle beds (bulk 

densities of 55-120 kg/m3) and wood samples (particle diameters of 1-50 mm) were tested, 

revealing that the critical airflow velocity for sustained smouldering rises as bulk density 

decreases or particle size increases. At low flow rates, the reaction front spreads only against 

the flow (opposed propagation). However, as velocity increases, it transitions to simultaneous 

opposed and forward spread. Moreover, in loosely packed or coarse-packed beds, where pore 

apertures are large, oxygen infiltrates the forward propagation front, enforcing bidirectional 

propagation even at minimal velocities. A simplified thermochemical model demonstrates that 

interparticle conductive heat transfer principally sets the minimum oxygen flux required for 

smouldering propagation. 

 

This chapter is based on “Y. Qin, Y. Zhang, Y. Chen, S. Lin* and X. Huang* 

(2024). Minimum oxygen supply rate for smouldering propagation: Effect of fuel bulk density 

and particle size. Combustion and Flame, 261, 113292.” 
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3.1 Introduction 

Smouldering combustion is a slow, low-temperature, flameless process sustained by 

exothermic, heterogeneous oxidation at the hot surfaces of reactive porous media [9,28,59,85]. 

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

be globally represented in two lumped steps: fuel pyrolysis followed by char oxidation [85,86]. 

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 treatment [27,93], so 

advancing fundamental knowledge is essential both for fire prevention and for optimising 

applied smouldering technologies [28,94]. 

Propagation and extinction of smouldering are governed primarily by two factors: heat loss 

and oxygen supply [9,59,95]. Adequate oxygen availability must balance endothermic 

processes such as drying, pyrolysis, and convective cooling in order to sustain the exothermic 

reactions that drive the smouldering front [42]. Because smouldering is an incomplete 

oxidation process, it requires less oxygen than flaming combustion and exhibits a lower 

limiting oxygen concentration (LOC) [6,42]. This enables smouldering sustaining in oxygen-

poor environments such as deep peat and coal deposits [16,96].  

Most prior investigations of smouldering oxygen limits have been conducted under 

quiescent or forced external wind conditions, which cannot isolate oxygen diffusion to the 

reaction zone [42]. 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 work [42], we introduced a tubular reactor that delivers controlled oxidiser 

flow through the fuel without ambient intrusion. For high-organic peat, we found an LOC 

below 2% and a minimum internal oxygen flux of 0.08 ± 0.01 g/m2·s, constant for oxygen mass 

fractions (𝑌𝑂2) above 15% (see Fig. 3-1b). However, LOC and flux thresholds for common 

fuels such as wood [27,94,97], coal [70], and biowastes [98,99], remain to be determined. 

Furthermore, fuel properties that includes particle size, bulk density, and moisture content may 

alter the oxygen requirements near extinction [100].  
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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 ± 0.01 g/m2·s when 𝑌𝑂2 >

15%.  

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 fraction of 𝑋𝑂2 = 21% and impose internal flow velocities up 

to 5 mm/s. We quantify mass loss and temperature profiles across varied fluxes, and we develop 

a heat-transfer 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 prone to smouldering 

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 ECO-Greentech Ltd., and pine needles were 

collected from the Saihanwula Biosphere Reserve, China. Thermogravimetric analyses 

performed on a PerkinElmer STA 6000 under air and nitrogen atmospheres yield representative 

degradation profiles Fig. A2. 
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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 reactor (Fig. 3-2b), all fuels were oven-dried at 90 °C for at least 48 

h and equilibrated to moisture contents below 5%, a level shown to exert negligible influence 

on smouldering propagation [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:  

(I) woods with three particle sizes (d) of 1 (fine dust), 25 (medium), 50 mm (large), and 

(II) pine needles with the same size (diameter (d) of 0.2 mm and length (L) of 25 mm) but 

three bulk densities of 55, 80, and 120 kg/m3. 

Note that the bulk densities (𝜌𝑏) of medium (162 ± 20 kg/m3) and large chips (178 ± 30 

kg/m3) were close to each other, while the bulk density of fine wood dust (325 ± 20 kg/m3) 

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 (𝜌𝑠) of the wood material was about 600 kg/m3 [27], 

the porosities (𝜓 = 1 − 𝜌𝑏/𝜌𝑠) of the large, medium, and fine wood samples were 0.7 ± 0.02, 

0.73 ± 0.03 and 0.46 ± 0.03, respectively. Table 3-1 summarises all fuel properties. Fig. 3-3 

plots the relationship between particle size and bed density. 
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Table 3-1 Properties of dry fuel samples in the experiments 

Fuel 
Particle size 

𝒅 (mm) 

Bulk density 

𝝆𝒃 (kg/m3) 

Solid density 

𝝆𝒔 (kg/m3) 

Porosity  

ψ (-) 

Volatile 

(%) 

Fix carbon 

(%) 

Ash 

(%) 

Wood 

1 ± 0.5 (Fine) 325 ± 20 

600 ± 20 

0.46 ± 0.03 

58.8 38.9 1.1 25 ± 5 (medium) 162 ± 20 0.73 ± 0.03 

50 ± 10 (large) 178 ± 30 0.70 ± 0.02 

Pine needle 
d = 0.2 ± 0.1 

L = 25 ± 5 

55 ± 5 

607 ± 30 

0.91 ± 0.01 

47.1 35.7 14.3 80 ± 10 0.87 ± 0.02  

120 ± 15 0.80 ± 0.02 

 

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 air‐supply module, see Fig. 3-2b. The reactor is made of 2 mm-thick 

quartz glass and has a total depth of 35 cm, an update from our previous design [42]. Its internal 

diameter is 12 cm, giving a cross-sectional area 𝐴𝑐 = 113 cm2, which minimises lateral wall 

cooling [45,67].  

Purified air was fed from the base at velocities up to 5 mm/s. Since that gravity and 

buoyancy can affect extinction limits [57], future studies should explore different flow 

orientations. Here, the average velocity (𝑈 = 𝑚/𝜌𝑔𝐴𝑐) represents the bulk flow rate divided 

by gas density and reactor area, not the local pore velocity. A flow homogeniser, comprising 

mesh, a 5 cm glass-bead layer, and a second mesh ensures 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 thermal-insulation cotton was applied 

around the reactor. An array of eleven K-type thermocouples (1 mm bead) is inserted at 2 cm 

intervals to record temperature profiles every minute. A 100 W coil igniter at mid-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 igniter ports are sealed to prevent leaks. A 1 cm outlet at the reactor top vents 

exhaust gases while blocking ambient air [42]. Laboratory conditions were 25 ± 3 oC, 50 ± 20% 

relative humidity (equivalently 1.5 ± 0.6% mole fraction of water in the air), and 101 kPa 

pressure. Each condition was tested in at least three replicates, where consistent ignition or 

extinction confirms reproducibility [42,67]. 

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 extinction. Similar trends were also observed for wood dust and pine 

needles in this work and for organic soil in our previous work [42].  

Under an internal airflow of 4.4 mm/s (Fig. 3-4a), the ignition zone temperature rose above 

300 °C 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 residual 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 heat-transfer processes governing these peak temperatures are analysed in 

Section 3.3.4. 
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Fig. 3-4 Thermocouple measurements and schematic diagrams of (a) bidirectional 

smouldering, (b) unidirectional smouldering and (c) no smouldering in medium-size wood 

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 to 1.5 mm/s (Fig. 

3-4b) sustained only the opposed smouldering front above 250 °C, 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 thermal conduction in 

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 surface decreased sharply, leaving a clear interface between virgin fuel above and ash 

and unburned char below. 

Further reduction of the airflow extinguished smouldering, as shown in Fig. 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 power sustained smouldering 

propagation at this flow rate. 

 

3.3.2 Smouldering oxygen supply limits vs. fuel-bed bulk density 

Fig. 3-5 correlates the internal airflow velocity required for smouldering with (a) fuel bulk 

density (𝜌𝑏) and (b) porosity (ψ) in pine-needle beds. Three regimes: bidirectional propagation, 

unidirectional propagation, and extinction, define two different oxygen-supply thresholds. On 

the one hand, Fig. 3-5a shows the minimum oxygen supply decreases with the fuel dry bulk 

density, indicating that denser beds require less oxygen to sustain smouldering. Specifically, 

when the bulk density was increased from 55 kg/m3 to 120 kg/m3, the 𝑈𝑚𝑖𝑛  decreased 

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

Conversely, the boundary separating bidirectional and unidirectional modes shifts to higher 

velocities at greater bulk densities. At 𝜌𝑏 = 120 kg/m3, 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 density (~ 45 kg/m3), 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 “bidirectional smouldering propagation” is not the 

excessive O2 supply to a uniform front (as illustrated Fig. 3-6a and detailed in our previous 

work [42]). As illustrated in Fig. 3-6b, two leakage scenarios: high porosity (B1) and large 

particle size (B2) produce localized oxygen entry that ignites a second front. Consequently, 

lower-density beds (higher porosity) are more prone to bidirectional propagation. 
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Fig. 3-5 Internal airflow velocity vs. (a) pine needle bulk density and (b) porosity, where : 

bidirectional, : unidirectional, and : extinction. Minimum internal airflow velocity vs. (c) 

fuel bulk density and (d) porosity for different fuel beds. 
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Fig. 3-6 Two scenarios of bidirectional smouldering propagation, (a) excessive oxygen not 

fully consumed by the opposed front; and (b) leaked oxygen due to B1: high-porosity (low-

density) fuel bed or B2: large fuel particles. 

Fig. 3-5 (c-d) compile the minimum flow velocities 𝑈𝑚𝑖𝑛 required for smouldering across 

fuels of similar particle size (0.5-2 mm): pine needles, wood dust, and peat soil [42] as a 

function of porosity. Although these materials differ in organic content, heat of combustion, 

and other physical properties (Table 3-1 and Appendix 2), 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 needed to reveal the contributions of porosity, composition, thermal 

conductivity, and other parameters. 

 

3.3.3 Smouldering oxygen supply limits vs. fuel particle size 

Based on the experimental results, the effect of density on the 𝑈𝑚𝑖𝑛 can also be applied to 

wood samples to some extent, as shown in Fig. 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 and 200 kg/m3, that is, the relationship between 𝜌𝑏 and 𝑈𝑚𝑖𝑛 



40 

 

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 summarises 𝑈𝑚𝑖𝑛  for pine-needle beds of varying needle lengths (0.5-2 mm 

diameter, length at 25 mm). As particle size decreases, the minimum 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 1 mm/s, attributable to oxygen 

leakage through interstices (Fig. 3-6 (B2) and Fig. 3-7). Thus, both increased particle size and 

reduced bed density promote local oxygen bypass that ignites a secondary, forward‐

propagating front. 

 

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

samples, where ,  and  represent “bidirectional propagation”, “unidirectional 

propagation” and “no propagation”, respectively. 

3.3.4 Smouldering mass loss and temperature  

Mass loss and peak temperature are key indicators of smouldering behaviour near 

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 velocity. Although 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 fraction (determined by TG test, see Table 3-1 and Appendix 2). 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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applications [22,27,94].  

Importantly, bidirectional spread does not consistently produce higher mass loss than 

unidirectional spread, so mass loss alone cannot identify the propagation mode, but temperature 

profiles must also be analysed. Moreover, Fig. 3-8 (c-d) compare how bulk density and particle 

size influence mass loss, showing that conditions favouring bidirectional propagation (namely 

low bulk density or large particle size) tend to reduce overall combustion completeness. 

 

Fig. 3-8 The effect of (a-b) internal airflow velocity, (c) bulk density and (d) particle size on 

mass loss during smouldering, where  is 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 mean peak temperature of the single reaction front; 

for bidirectional propagation, it is the mean of the two fronts across repeated tests, with 
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standard deviations shown as error bars. Peak temperature rises with increasing oxidiser flow 

rate, reflecting improved oxygen availability and greater heat release during char oxidation. 

This behaviour mirrors the mass‐loss trends in Fig. 3-8.  

Peak temperature alone does not distinguish propagation mode. For example, large wood 

samples at 1.2 mm/s airflow exhibited bidirectional spread despite a relatively low peak 

temperature (see Fig. 3-8b). This indicates that bidirectional propagation can result not only 

from excess oxygen [42] but also from oxygen bypass through non‐uniform fronts caused by 

low bulk density or large particle size (see Fig. 3-6). 

Pine needles display a slightly higher minimum peak temperature, around 300 °C, 

compared to 250 °C for wood samples. Although neither bulk density nor particle size 

substantially alters peak temperature under the same oxygen supply (see Fig. 3-9 (a-b)). In 

addition, Fig. 3-9 (c-d) show that bidirectional spread in low‐density or large‐particle beds 

corresponds to lower peak temperatures. 

 

Fig. 3-9 The effect of (a-b) flow velocity, (c) bulk density and (d) particle size on peak 

smouldering temperatures, where the hollow () and solid () symbols represent uni- and 

bidirectional propagation, respectively. 
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3.3.5 Heat and mass transfer analysis 

Smouldering propagation is governed by three heat‐transfer modes: conduction, convection 

and radiation. We applied energy conservation to the reaction front under near-limit conditions 

(Fig. 3-10), which yields a simplified heat-balance. At the threshold of propagation or 

extinction, the net heat flux released by the smouldering front (𝑞̇𝑠𝑚
′′ ) must exactly balance the 

total heat loss (𝑞̇𝑙𝑜𝑠𝑠
′′ ) as 

𝑞̇𝑠𝑚
′′ ≥ 𝑞̇𝑙𝑜𝑠𝑠

′′                                                                           (3.1)   

 

Fig. 3-10 Schematics for the energy balance for a propagating smouldering front at near-limit 

conditions. 

 

As smouldering propagation is primarily controlled by thermal conduction in this porous 

fuel system with a low-velocity forced airflow  (<1 mm/s) [103], by rearranging Eq. (3.1), we 

obtain  

𝑞̇𝑠𝑚
′′ = 𝑚̇𝑂2,𝑚𝑖𝑛

′′ 𝛥𝐻𝑜𝑥 = 𝜌𝑔𝑈𝑚𝑖𝑛𝑌𝑂2𝛥𝐻𝑜𝑥 ≈ 𝑞̇𝑐𝑜𝑛𝑑
′′ = 𝑘

(𝑇𝑠𝑚 − 𝑇0)

𝛥𝑥
                         (3.2) 

where 𝑘 is the effective thermal conductivity in porous media (as a solid-fluid system), 𝑇𝑠𝑚 is 

the smouldering temperature, 𝑇0  is the temperature of virgin fuel, 𝛥𝑥  is the characteristic 

length of conductive heat transfer. Therefore, the minimum flow velocity 𝑈𝑚𝑖𝑛 can be derived 

as 

𝑈𝑚𝑖𝑛 =
𝑘(𝑇𝑠𝑚 − 𝑇0)

𝜌𝑔𝑌𝑂2𝛥𝐻𝑜𝑥𝛥𝑥
                                                     (3.3) 

Furthermore, the effective thermal conductivity 𝑘 includes a solid and a radiative component 

[47,104]: 
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𝑘 = 𝑘𝑠(𝑇) + 𝑘𝑟(𝑇) = 𝑘0 (
𝑇

𝑇𝑟
)
𝑛𝑘

+ 𝛾𝜎𝑇3                                       (3.4) 

where 𝑛𝑘 is the temperature dependence, 𝜎 is the Stefan-Boltzmann constant, 𝛾 is the radiative 

conductivity parameter (with units of length) that depends on pore morphology and other 

considerations and can be estimated by characterized pore size 𝑑𝑝 as 𝛾 = 3𝑑𝑝 [105,106]. The 

characterized pore size relates to the particle surface area (𝑆, m2/g) and bulk density (𝜌𝑏, kg/m3) 

as 𝑑𝑝 = 1/𝑆𝜌𝑏 [105]. Therefore, from Eqs. (3.3-3.4), as the bulk density of fuel increases, 𝑑𝑝, 

𝛾 and 𝑘 will decrease accordingly, leading to a lower minimum flow velocity (𝑈𝑚𝑖𝑛) as 

 𝑈𝑚𝑖𝑛~𝑘~𝛾 ∝ 𝑑𝑝 ∝
1

𝜌
                                                           (3.5) 

On the other hand, as the particle size (𝑑) increases, the specific surface area (𝑆) will decrease 

and the characterized pore size (𝑑𝑝 ) will increase. As a result, both 𝛾  and 𝑘  will increase 

simultaneously, leading to a larger minimum flow velocity (𝑈𝑚𝑖𝑛) as 

𝑈𝑚𝑖𝑛~𝑘~𝛾 ∝ 𝑑𝑝 ∝
1

𝑆
∝ 𝑑                                                     (3.6) 

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 heat transfer analysis 

successfully explains the experimental data (Fig. 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 dependence of 𝑈𝑚𝑖𝑛  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 single-component fuels (pine needles 

or wood chips) but may not apply to heterogeneous mixtures with variable 𝜌𝑠. 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 to optimise oxygen delivery in waste‐treatment systems 

and to assess smouldering fire hazard. 

 3.4 Conclusions  
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In this chapter, we experimentally quantified how fuel bulk density and particle size 

influence the minimum oxygen flux required for smouldering combustion. Pine‐needle beds of 

varying bulk densities and wood samples of differing particle sizes were tested in a vertical 

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 surplus oxygen that the opposed front could not consume 

or from oxygen bypass through non‐uniform pore networks created by large particles or low 

packing density. We found that the critical flow velocity for sustained smouldering rises as 

bulk density decreases or particle size increases. At extreme porosities, propagation thresholds 

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

simplified heat‐transfer model is introduced to demonstrate the role of radiative heat transfer 

across pore spaces in setting the oxygen‐supply limit for smouldering over porous media. 
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Chapter 4 Computational Study on Predicting the Smouldering Oxygen 

Thresholds 

Summary 

In this chapter, we develop a one-dimensional, physics-based model that couples heat and 

mass transport with a five-step heterogeneous reaction scheme to determine the smothering 

limit of smouldering in porous pine-needle beds under forced internal oxidiser flow. 

Simulations indicate that the critical oxidiser velocity (or equivalently the oxygen flux) rises 

as inlet O2 concentration falls, leading to a limiting O2 concentration (LOC) of 3%, in 

satisfactory agreement with experiments results. Furthermore, the required flow rate increases 

with decreasing fuel bulk density, lower ambient temperature, or elevated moisture content, 

with the model predicting a maximum moisture content of 110%. At the smothering threshold, 

the peak reaction-zone temperature and propagation speed are approximately 300 °C and 0.5 

cm/h, respectively. 

 

This chapter is based on “Y. Qin, Y. Chen, Y. Zhang, S. Lin* and X. Huang* 

(2024). Modeling Smothering Limit of Smouldering Combustion: Oxygen Supply, Fuel 

Density, and Moisture Content. Combustion and Flame, 269, 113683.” 
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4.1 Introduction 

Smouldering combustion is a slow, low‐temperature, flameless process sustained by 

heterogeneous oxidation at hot solid surfaces, involving complex interactions of chemical 

reactions and heat‐mass transfer [4,9,28,34,59,107]. It poses severe hazards in peatlands, coal 

seams and forest litter layers [9,16,108,109], and contributes substantially to residential and 

industrial fires [110,111]. At the same time, controlled smouldering offers routes to energy 

production, waste removal, and pollution control [21–23]. A deeper understanding of its 

fundamental mechanisms is therefore essential for both hazard mitigation and optimisation of 

applied systems. 

Smouldering initiation, spread and quenching depend on the interplay of heat losses and 

oxygen availability [59]. Previous experiments [22,67] and computational studies [95] have 

systematically characterized how heat losses governs 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 as pre-heating, drying, pyrolysis and convective cooling [112]. Thus, 

defining the critical oxygen concentration and smothering limit is essential for setting ignition, 

propagation and extinction criteria [6,113]. Despite this importance, the detailed mechanisms 

controlling the minimum oxygen requirement for self-sustaining smouldering remain only 

partially understood. 

In the literature, reports of limiting oxygen concentration (LOC) for biomass smouldering 

under wind-driven or quiescent conditions vary widely: from 10% [38], 13% [40], and 16% 

[41] for peat, 4% [6] for wood, to 13.5% [37] for cellulosic material. Because 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 controlled oxidiser 

flow—with prescribed oxygen content and flow rate through the porous bed [42]. Using high-

organic peat, we found LOC below 2% and a minimum internal oxygen flux of 0.08 ± 0.01 

g/m2·s. However, LOC in porous fuels likely depends on intrinsic properties (density, moisture, 

mineral content) and environment conditions (system heat loss, ambient temperature, gravity), 

requiring further investigation [45,57,82].  

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 hazards [114–117]. Numerous studies have examined smouldering kinetics [118], 
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ignition thresholds [119], propagation dynamics [120–122], flammability [117], and 

smouldering-to-flame transitions [116,123] 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 

quantified bulk-density effects [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 and smothering limits under forced internal oxidiser 

flow, highlighting a critical knowledge gap. 

In this work, we extend our experimental findings by developing a one‐dimensional 

smouldering model using the open‐source Gpyro framework [47] coupled to a five‐step kinetic 

scheme for pine needles [124]. We simulate forced internal oxidiser 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 efforts aim to fill critical gaps in our 

understanding and to support the design of both fire‐safe environments and efficient 

smouldering‐based technologies. 

 

4.2 Computational model 

4.2.1 Experiment description and model establishment 

Most investigations of smouldering limits have been conducted under external wind or 

quiescent ambient conditions, making it difficult to precisely quantify the oxygen requirement 

[6,38,40,41]. To overcome this, our recent experiments used an enclosed tubular reactor that 

delivers a controlled oxidiser flow through the porous fuel [39,42]. Because model validation 

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

The reactor (Fig. 4-1a) has an internal diameter of 12 cm which is large enough to suppress 

wall quenching effects [45,67]. Meanwhile, the tubular reactor was further wrapped in a 2-cm 

thick thermal-insulation material and an aluminium foil layer to minimise 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 middle, and a 10 cm gas‐homogenisation section at the bottom (see 

Fig. 4-1a). Oxidiser flows with various flow velocities (𝑈, mm/s) and oxygen concentrations 

(𝑋𝑂2  (volume fraction) or 𝑌𝑂2  (mass fraction), %) were fed from the bottom. Eight K‐type 

thermocouples (1 mm bead) are spaced every 2 cm along the fuel’s central axis to record 
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temperature. 

Notably, the ignition protocol here differs from that in [39]: we employ top ignition (Fig. 

4-1 (b-c)) to avoid the complex bidirectional fronts of mid‐bed ignition (Fig. 4-1d), and the 

confined local burning seen with bottom ignition (Fig. 4-1e). To ensure a uniform and self‐

sustained front, a 1 cm layer of pine needles (pre‐ignited with a propane flame for 1 min) was 

placed at the top the sample as the ignition source. 

 

Fig. 4-1 (a) Experimental setup to explore the oxygen supply thresholds (or smothering 

limits) of smouldering combustion, where pine needles were selected as representative porous 

fuel; (b) schematic diagram of the one-dimensional smouldering model; (c-e) common 

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

smouldering propagation. 

  

Pine needles (Fig. 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 

oven-dried at 75 °C for ≥ 48 h to < 5% moisture, which shown to have negligible effect on 

propagation [69]. By compressing the fuel bed, bulk densities ranging from 50 ± 10 to 150 ± 

30 kg/m3 were achieved.  

With lateral heat loss minimised and ignition applied uniformly, vertical spread is 

effectively one-dimensional [42]. We therefore implemented a 1-D model in Gpyro v0.7, 

matching the 30 cm sample depth (refer to Fig. 4-1a) [47]. Gpyro is a generalized open-source 

code for combustible solids and has been used to simulate the pyrolysis and smouldering of 

various porous media such as peat [45], wood [6], PU foam [47], and coal [125]. Simulations 

begin with excess oxidiser; if smouldering propagates, the flow is reduced stepwise until 

extinction, thus identifying the minimum oxygen flux. Subsequent runs vary 𝑋𝑂2 by adjusting 

the N2/O2 ratio to explore limiting oxygen conditions across different concentrations. 

 

4.2.2 Governing equations 

The one-dimensional model computes the transient conservation equations for both 

condensed and gas phases, neglecting gravity and buoyancy effects within the small porous 

sample [40,45]. In the condensed phase, it includes mass conservation (4.1), species 

conservation (4.2), and energy conservation (4.3). In the gas phase, it solves mass conservation 

(4.4), species conservation (4.5), and momentum conservation via Darcy’s law (4.6). All 

variables are defined in the Nomenclature, and the full mathematical formulation is available 

in the Gpyro technical reference [126]. The model assumes local thermal equilibrium between 

gas and solid, unit Schmidt number, identical diffusion coefficients and specific heats for all 

gas species, and a constant gas density (𝜌𝑔) of 1.161 kg/m3, independent of oxygen fraction 

(𝑌𝑂2) or gas temperature (𝑇𝑔). Solid‐phase shrinkage is omitted, as it has a negligible effect on 

the limiting oxygen supply for smouldering. More details of the mathematical form of these 

equations can be found in [47]. 

𝜕𝜌̅

𝜕𝑡
= −𝜔̇𝑓𝑔

′′′                                                                   (4.1) 

𝜕(𝜌̅𝑌𝑖)

𝜕𝑡
= 𝜔̇𝑓𝑖

′′′ − 𝜔̇𝑑𝑖
′′′                                                           (4.2) 

𝜕(𝜌̅ℎ̅)

𝜕𝑡
+
𝜕(𝑚̇′′ℎ̅𝑔)

𝜕𝑧
=
𝜕

𝜕𝑧
(𝑘
𝜕𝑇

𝜕𝑧
) +∑𝜔̇𝑑𝑖,𝑘

′′′ 𝛥𝐻𝑘                              (4.3) 
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𝜕(𝜌𝑔𝜓̅)

𝜕𝑡
+
𝜕𝑚̇′′

𝜕𝑧
= 𝜔̇𝑓𝑔

′′′                                                     (4.4) 

𝜕(𝜌𝑔𝜓̅𝑌𝑗)

𝜕𝑡
+
𝜕(𝑚̇′′𝑌𝑗)

𝜕𝑧
= −

𝜕

𝜕𝑧
(𝜌𝑔𝜓̅𝐷

𝜕𝑌𝑗

𝜕𝑧
) + (𝜔̇𝑓𝑗

′′′ − 𝜔̇𝑑𝑗
′′′)                   (4.5) 

𝑚̇′′ = −
𝐾̅

𝜈

𝜕𝑝̅

𝜕𝑧
    (𝜌𝑔 =

𝑃𝑀̅

𝑅𝑇
)                                                (4.6) 

 

4.2.3 Smouldering chemical kinetics and parameter selection 

The heterogeneous chemistry of the smouldering pine needles was described by a 5-step 

kinetic scheme with three major components: hemicellulose, cellulose, and lignin [124]. The 

5-steps included (4.7) drying [dr]; (4.8-4.10) pyrolysis of hemicellulose, cellulose, and lignin 

(the typical temperature at ~250 oC, ~300 oC, and ~350 oC, respectively) [hp], [cp], [lp]; (4.11) 

char oxidation [co], expressed as: 

𝑊𝑎𝑡𝑒𝑟 → 𝑊𝑎𝑡𝑒𝑟 𝑣𝑎𝑝𝑜𝑟 [𝑑𝑟]                                           (4.7) 

𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝐶ℎ𝑎𝑟 + 𝑃𝑦𝑟𝑜𝑙𝑦𝑧𝑎𝑡𝑒𝑠 [ℎ𝑝]                                           (4.8) 

𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 → 𝐶ℎ𝑎𝑟 + 𝑃𝑦𝑟𝑜𝑙𝑦𝑧𝑎𝑡𝑒𝑠 [𝑐𝑝]                                           (4.9) 

𝐿𝑖𝑔𝑛𝑖𝑛 → 𝐶ℎ𝑎𝑟 + 𝑃𝑦𝑟𝑜𝑙𝑦𝑧𝑎𝑡𝑒𝑠 [𝑙𝑝]                                        (4.10) 

𝐶ℎ𝑎𝑟 + 𝑂2 → 𝐴𝑠ℎ + 𝑔𝑎𝑠 [𝑐𝑜]                                        (4.11) 

The normalized destruction rate of condensed-phase species A in reaction k can be expressed 

by Arrhenius law as  

𝜔̇𝑘
∗ = 𝑍𝑘exp (−

𝐸𝑘
𝑅𝑇
)𝑓(𝑚𝐴

∗)𝑔(𝑌𝑂2)                                        (4.12) 

where  𝑍𝑘 is the pre-exponential factor, and 𝐸𝑘 is the activation energy. The function for mass 

action of reactant 𝐴 is  

𝑓(𝑚𝐴
∗) = (𝑚𝐴

∗)𝑛𝑘 = (
𝑚𝐴

𝑚𝑠𝐴,0
)

𝑛𝑘

                                     (4.13) 

where 𝑚𝑠𝐴,0 is the original mass of the species 𝐴, and 𝑛𝑘 is the reaction order. The oxidation 

model considers oxidative pyrolysis as 

𝑔(𝑌𝑂2) = {
1   (𝑛𝑘,𝑂2 = 0)

(1 + 𝑌𝑂2)
𝑛𝑘,𝑂2 − 1    (𝑛𝑘,𝑂2 ≠ 0)

                                    (4.14) 
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Physical properties of all condensed‐phase species were obtained from [127] and listed in 

Table 4-1, where the subscript s and o represents the solid physical properties (i.e., 𝜓 = 0) and 

bulk physical properties, respectively. Although pine‐needle beds are intrinsically more 

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 conduction and radiative transfer across pore voids:  

𝑘𝑖 = 𝑘𝑠,𝑖(1 −  𝜓𝑖) + 𝛾𝑖𝜎𝑇
3                                           (4.15) 

where 𝛾  is dependent on the pore size (𝑑𝑝) as 𝛾 ∼ 𝑑𝑝 = 1/𝑆𝜌. The permeability (𝐾 ∼ 𝑑𝑝
2
) of 

all solid species: hemicellulose, cellulose, lignin, char, and ash, was assumed to be independent 

and estimated on the scale of 10−12~10−10  [105]. The averaged properties of condensed-

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

as  

𝜌̅ =∑𝑋𝑖𝜌𝑖 , 𝑘̅ = ∑𝑋𝑖𝑘𝑖 , 𝑐̅ = ∑𝑌𝑖𝑐𝑖 , 𝑋𝑖 = 𝜌̅
𝑌𝑖
𝜌𝑖
                                   (4.16) 

The kinetic and stoichiometric parameters of the 5-step reactions were also obtained from [127] 

and listed in Table 4-2. 

Table 4-1 The physical parameters of condensed-phase species 

Species (i) 𝑌0 (-) 𝜌𝑠,𝑖 (kg/m3) 𝜌𝑜,𝑖 (kg/m3) 𝑘𝑠,𝑖 (W/m·K) 𝑐𝑝,𝑖 (J/kg·K) 

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 

 

Table 4-2 Chemical kinetic parameters of 5-setp reaction for pine needles, where the reaction 

expression is 𝐴𝑘 + 𝜈𝑂2,𝑘 𝑂2 → 𝜈𝐵,𝑘 𝐵𝑘 + 𝜈𝑔,𝑘 gas, and 𝛥𝐻𝑘 > 0 means endothermic. 

Parameter dr hp cp lp co 

𝑙𝑔𝑍𝑘(lg(s
−1)) 8.12 8.2 12.4 14.7 11.9 

𝐸𝑘  (kJ/mol) 67.8 106 160 236 184 

𝑛𝑘(−) 3 1.49 0.95 8.7 1.27 
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𝑛𝑘,𝑂2(−) 0.252 454 150 0.2 1500 

𝜈𝐵,𝑘(kg/kg) 0 0.24 0.27 0.40 0.06 

𝛥𝐻𝑘  (MJ/kg) 2.26 0.2 0.5 0.5 -20 

𝜈𝑂2,𝑘(kg/kg) 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 0.262 lignin [127]. A convective heat‐transfer 

coefficient of ℎ𝑐 = 10 𝑊/𝑚2𝐾 represented cooling at both the top and bottom surfaces, and 

the biomass emissivity was 0.95. The gas‐phase specific heat capacity (𝑐𝑔) was fixed at 1100 

J/kg·K for all gas species [47]. A prescribed oxidiser flow entered from the bottom of the 

domain. To initiate smouldering, 30 kW/m2 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 decline [67]. In cases of ignition failure, 

the heat flux was increased to 50 kW/m2 for 30 minutes. Ambient pressure and temperature 

were 1 atm and 300 K. Grid convergence was achieved with ∆𝑍 = 0.1 mm and ∆𝑡 = 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 cases: one with successful self-sustained smouldering and one with 

extinction were compared between experiment and simulation. In both cases, pine-needle beds 

were prepared at a bulk density of 𝜌𝑜 = 120 ± 20 kg/m3  and MC = 5%, and oxygen mass 

fraction was set at 𝑌𝑂2   = 23%. The example temperature profiles of successful and failed 

smouldering propagation from experimental and simulation results are compared in Fig. 4-2. 

Fig. 4-2a shows the experimental measurements under an internal airflow velocity of 2.6 mm/s, 

and the simulated temperature profile is presented in Fig. 4-2b for comparison. Despite the 

complexity of smouldering, the model reproduces the key features observed experimentally. 

The data exhibit a two-stage opposed-to-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 the oxidiser 

stream, characteristic of char oxidation with longer residence time and higher temperature. 

Post-burnout residues form a fragile char-ash matrix that resists collapse, limiting surface 

regression compared to fuels such as peat or fine wood chips [128].  

 

Fig. 4-2 Comparisons of temperature profiles from experimental measurement and 

simulations results. (a-b) successful two-stage smouldering propagation under flow velocity 

of 2.6 mm/s; and (c-d) failed smouldering propagation 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 self-sustained propagation Fig. 4-2(c-d). Under these oxygen-limited 

conditions, exothermic oxidation cannot sustain the endothermic drying and pyrolysis steps, so 

temperatures at all depths simply decay after ignition. Note that in Fig. 4.2a the “0-cm” 

thermocouple exhibits a delayed peak relative to Fig. 4-2b the experiment includes an 

additional 1 cm pre-ignited ignition layer (see Section 4.2.1). The fluctuations observed in the 

forward-front temperature (Fig. 4-2a) likely reflect spatial heterogeneity in fuel properties, 

uneven front geometry, and local collapses of char, where phenomena not captured by the 

model. The simulation also assumes constant fuel properties, neglects microscopic particle 



55 

 

structure and ash collapse [45], and cannot account for “O2 leakage” from nonuniform packing 

[39]. Therefore, it is impossible to completely match the experimental and simulated results, 

especially the time-evolution temperature profile [45]. Nevertheless, the model successfully 

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 oxidiser flow: 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 times, indicating the persistence of deep underground 

smouldering fires that can last for weeks or months [9,16]. These near-limit smouldering 

dynamics merit further detailed study. 

 

Fig. 4-3 Comparison of experimental and simulation data on (a) smouldering peak 

temperature and (b) burning duration. The satisfactory agreement validates the capability of 

computational model.  

Comparisons in  Fig. 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 oxygen-driven propagation and 

extinction behaviour of smouldering in porous pine-needle 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 fraction (𝑌𝑂2) of internal oxidiser flow. Fig. 4-4a describes the simulated 

boundary trendlines for the smothering limits of smouldering combustion, i.e., the minimum 
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internal flow velocity (𝑈𝑚𝑖𝑛) to sustain smouldering under various 𝑌𝑂2. A LOC of 3 % was 

identified: below this value, smouldering extinguishes regardless of flow rate. Afterwards, the 

predicted required flow velocity increased with the decreasing oxygen mass fraction, which 

was consistent with the trend shown in our previous experimental work on smouldering peat 

[42]. For example, the predicted required flow velocity increased from 1.6 mm/s to 12 mm/s, 

as 𝑌𝑂2 decreased from 23% to 5%.  

Based on previous work [42,57], at the extinction limit, the heat generated from the net 

heterogeneous smouldering reactions ( 𝑞̇𝑠𝑚
′′ ) should just balance the heat loss from water 

evaporation (𝑞̇𝑀𝐶
′′ ), internal flow convection (𝑞̇𝑐𝑜𝑛𝑣,𝑖𝑛

′′ ), and environmental heat losses (𝑞̇𝑒
′′) as 

𝑞̇𝑠𝑚,𝑚𝑖𝑛
′′ = 𝑞̇𝑀𝐶

′′ + 𝑞̇𝑐𝑜𝑛𝑣,𝑖𝑛
′′ + 𝑞̇𝑒

′′                                                           (4.17) 

By further organizing Eq. 4.17, we obtain 

𝑞̇𝑠𝑚,𝑚𝑖𝑛
′′ = 𝑆𝑠𝑚𝜌𝑤∆𝐻𝑒𝑣𝑀𝐶 + 𝜌𝑔𝑐𝑝,𝑔𝑈(𝑇𝑠𝑚 − 𝑇∞) + (ℎ𝑟 + ℎ𝑐)(𝑇𝑠𝑚 − 𝑇∞)         (4.18) 

where 𝑆𝑠𝑚 and 𝑇𝑠𝑚 refers to smouldering propagation rate and temperature. For simplicity, the 

radiative heat loss is linearized by using the radiation heat transfer coefficient (ℎ𝑟) [83]. On the 

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

𝑞̇𝑠𝑚,𝑚𝑖𝑛
′′ = 𝑞̇𝑜𝑥

′′ = 𝑚̇𝑂2,𝑚𝑖𝑛
′′ ∆𝐻𝑜𝑥 = 𝜌𝑔(𝑈𝑌𝑂2)𝑚𝑖𝑛∆𝐻𝑜𝑥                      (4.19) 

where 𝜌𝑔  is the density of oxidiser flow, and ∆𝐻𝑜𝑥  is the heat of smouldering oxidation. 

Therefore, the minimum oxidiser flow velocity and can be derived as 

𝑈𝑚𝑖𝑛 =
𝑆𝑠𝑚𝜌𝑤∆𝐻𝑒𝑣𝑀𝐶 + (ℎ𝑟 + ℎ𝑐)(𝑇𝑠𝑚 − 𝑇∞)

𝜌𝑔𝑌𝑂2 ∆𝐻𝑜𝑥 − 𝜌𝑔𝑐𝑝,𝑔(𝑇𝑠𝑚 − 𝑇∞)
∝

1

𝑌𝑂2 − 𝐶
       (𝑌𝑂2 > 3%)     (4.20)  

where for a specific fuel with a particular MC and density, 𝑆𝑠𝑚 and 𝑇𝑠𝑚 can be regarded as 

constants at the limiting condition of smouldering propagation [45]. 𝐶 =
𝑐𝑝,𝑔(𝑇𝑠𝑚−𝑇∞)

∆𝐻𝑜𝑥
 is a 

constant relying on smouldering and ambient temperatures. Therefore, the minimum gas flow 

velocity is inversely proportional to the oxygen concentration (𝑈𝑚𝑖𝑛 ∝
1

𝑌𝑂2−𝐶
) in Eq. (4.20), 

and the overall trend of simulated results in Fig. 4-4a is successfully explained. Furthermore, 

the predicted oxygen supply rate was further calculated as 𝑚̇𝑂2
′′ = 𝜌𝑔𝑌𝑂2𝑈 , and the results are 

shown in Fig. 4-4b. It is found that 𝑚̇𝑂2
′′

 increased from 0.45 g/m2·s to 0.8 g/m2·s when 𝑌𝑂2 

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

experiments [42].  
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Fig. 4-4 Simulation results and boundary trendlines of (a) minimum internal flow velocity 

(U) vs. oxygen mass fraction (𝑌𝑂2); (b) minimum oxygen supply rate (𝑚𝑂2) vs. oxygen mass 

fraction (𝑌𝑂2).  

4.3.3 Fuel density, Moisture and ambient temperature  

Fuel dry bulk density (𝜌𝑑𝑟𝑦) and moisture content (MC) vary widely in applied smouldering 

systems and wildfire settings, and both parameters strongly affect smouldering propagation 

and extinction [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 according to 𝜌𝑑𝑟𝑦 =

𝜌𝑤𝑒𝑡/(1 + MC) to account for volumetric expansion upon water uptake [128].   

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 experiments (Fig. 4-5a) [39]. For example, when MC is 50%, as the fuel 

dry bulk density increases from 50 kg/m3 to 300 kg/m3, the airflow velocity required for 

sustaining smouldering was predicted to decrease from about 7 mm/s to 3 mm/s. This effect 

arises because higher density increases the effective thermal conductivity of the bed [83], 

thereby improving heat transfer from the reaction zone to unburnt fuel and reducing the oxygen 

flux needed for continuous smouldering [39].  
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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 threshold of smouldering combustion. 

 

Conversely, increasing moisture content raises the minimum flow velocity required for 

sustained smouldering (Fig. 4-5b). For example, when MC increased from 5% to 50%, the 

required 𝑈𝑚𝑖𝑛 for high-density pine needles (𝜌𝑑𝑟𝑦  = 150 kg/m3) climbs from approximately 2 

mm/s to about 5 mm/s. This trend follows Eq. 4.20, where 𝑈𝑚𝑖𝑛 increases as 𝑞̇𝑀𝐶
′′  increases. In 

other words, it demands greater oxidiser 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 temperature (𝑇∞ ) was also 

investigated and summarised in Fig. 4-5c. In order to focus on the 𝑇∞, the process of water 

freezing caused by sub-zero temperature was out of the scope of this study. As a result, the 

temperature range under investigation was limited to 0-70 oC. Predicted results showed that the 

required airflow velocity decreases as 𝑇∞ increases. For example, given a fixed fuel moisture 

content of 5%, as the ambient temperature increases from 10 oC to 70 oC, 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 higher 𝑇∞ lowers environmental heat losses and therefore 

decreases the oxygen flux needed for self-sustaining smouldering. 

 

4.3.4 Smouldering temperature (𝑻𝒔𝒎) and propagation rate (𝑺𝒔𝒎) 

Smouldering temperature (𝑇𝑠𝑚) and propagation rate (𝑆𝑠𝑚) are two key parameters that 

describe the smouldering behaviours and reflect the intensities of reactions and the rates of fuel 

consumption. Therefore, Fig. 4-6 and Fig. 4-7 further compare the effects of moisture content 

and bulk density on the 𝑇𝑠𝑚 and 𝑆𝑠𝑚, and each curve was controlled to have the same airflow 

mass supply rate (i.e., 𝑚̇𝑂2
′′ ). First of all, at the smothering limit, the minimum smouldering 

temperature and propagation rate were predicted to be around 300 oC and 0.5 cm/h, and the 

predicted 𝑇𝑠𝑚  and 𝑆𝑠𝑚  both increase as 𝑚̇𝑂2
′′  increases, agreeing well with the literature 

[29,32,129]. By considering a 1-step global smouldering reaction, the smouldering burning 

flux can be described as 

𝑚̇𝐹
′′ = 𝜌𝑆𝑠𝑚 =

𝑚̇𝑂2
′′

𝜈
∝ 𝑇𝑠𝑚                                               (4.21) 

where 𝜈 is the stoichiometric factor. By further reorganizing Eq. 4.21, we obtain 

𝑆𝑠𝑚 =
𝑚̇𝐹
′′

𝜌
=
𝑚̇𝑂2
′′

𝜈𝜌
                                                         (4.22) 

Therefore, as the 𝑚̇𝑂2
′′  increases, the reaction rate of smouldering combustion increases, leading 

to a higher smouldering temperature and spread rate.  
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Fig. 4-6 The (peak) smouldering temperature (𝑇𝑠𝑚)  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. 4-7 The smouldering propagation rate (𝑆𝑠𝑚) 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 bulk density decreases in pine‐needle beds, while Fig. 4-7 shows that 

propagation rates slow with higher moisture and lower bulk density. Increased moisture 

demands additional latent heat for drying, reducing both reaction‐zone temperature and spread 

speed. Conversely, from Eq. 4.15, a higher solid density reduces the porosity factor 𝛾 and the 

intrinsic conductivity 𝑘𝑖.  This leads to a higher smouldering temperature 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 conductivity [39], consistent with the trend shown in Fig. 4-6 and 

Fig. 4-7. Notably, smouldering temperature is more sensitive to oxygen flux than to moisture 

or density variations [128]. For example, when the air flow rate was stabilized at 3 g/m2·s, as 

the moisture content was reduced from 20% to 5%, the smouldering temperature was only 

decreased by 20 oC. However, if the air flow rate was increased from 3 g/m2-s to 5 g/m2·s, the 

smouldering peak temperature was significantly increased by 100 oC. Further fundamental 

studies are required to elucidate the detailed mechanisms governing these behaviours. 

 

4.4 Conclusions  

In this chapter, we used a one‐dimensional Gpyro model coupling heat–mass transfer with 

a five‐step heterogeneous kinetic scheme to quantify smothering limits in pine‐needle beds 

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

model’s accuracy. We found that the minimum oxidiser velocity (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 experiments and theoretical analysis. 

Parametric studies revealed that this threshold velocity increases as fuel density or ambient 

temperature decreases and also increases with moisture content, which predicts 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 model predicts a minimum reaction‐zone temperature 

near 300 °C and a propagation speed of ~0.5 cm/h. These findings advance 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 Demonstrations: Persistent 

Smouldering Fires under In-depth Natural Diffusion  

Summary 

This chapter presents large-scale laboratory experiments 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 regimes appear: (I) downward-only 

spread, (II) bidirectional (downward + upward) spread, (III) in-depth lateral propagation, and 

(IV) localized burn. Modes III and IV produce neither visible smoke nor surface collapse, 

underscoring the challenge of detecting subsurface peat fires. For initial ignition depths 

shallower than -40 cm, peak reaction-zone temperatures decrease with increasing depth. 

However, for ignitions deeper than -40 cm, temperatures remain stable near 300 °C, 

highlighting oxygen transport as the dominant control. Despite the persistent combustion, total 

mass loss remains low due to incomplete oxidation at moderate temperatures. Near-surface CO 

levels range from 10 to 100 ppm, indicating that CO monitoring could be used for pilot 

detection of underground fire intensity.  

 

This chapter is based on “Y. Qin, D. Musa, S. Lin* and X. Huang* (2022). Deep Peat Fire 

Persistently Smouldering for Weeks: A Laboratory Demonstration. International Journal of 

Wildland Fire, 32, 86-98.” 
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5.1 Introduction 

Peat is a carbon‐rich soil formed under anaerobic conditions through the accumulation of 

partially decomposed vegetation [11,130]. Peatlands serve as vital terrestrial carbon reservoirs, 

containing roughly one‐third of global soil carbon (500–600 Gt C)—a stock comparable to all 

surface vegetation and approaching the size of the atmospheric carbon pool (~850 Gt C) 

[131,132]. As a naturally porous, char‐forming material, peat readily undergoes smouldering: 

a slow, low‐temperature, flameless combustion that can persist for extended periods [9,133] 

(Fig. 5-1 (a-b)). 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 losses [131,135,136]. For 

example, 2019 slash‐and‐burn fires in Southeast Asia triggered months‐long peatland 

conflagrations, producing transboundary haze and serious health impacts [137,138].  

 

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 deep-layer peat fires [82,128]. 

Although high moisture content normally inhibits peat ignition, drought (whether 

climatically driven or anthropogenic) increases fire risk [139]. Ignition sources range from 

natural causes such as lightning strikes (e.g., lightning [101,140], flaming wildfire [62], self-
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heating ignition [141] and volcanic eruption [142]) or anthropogenic reasons (e.g., 

deforestation [143], poor land management [144], accidental ignition and arson [145]). 

Smouldering ignition needs less energy than flaming and can spread under wetter, low‐oxygen 

conditions [40,62], propagating both vertically and horizontally to enlarge burn areas (Fig. 

5-1c) [82]. These fires may smoulder for months or even years despite rain, weather changes 

or firefighting, making them among the Earth’s longest‐lasting fires [9].  

Even when surface smouldering is controlled by rain or fire suppression, hidden subsurface 

hotspots can persist at low temperatures and spread slowly, making it difficult for detection by 

patrols and satellites [1,9]. With the return of dry, hot weather, these deep fires can migrate 

upward and reignite surface flames (Fig. 5-1d) [14,82]. Such “holdover” behaviour has been 

documented in peatlands across Southern Africa, Southeast Asia and the Arctic [9,13,146], yet 

the mechanisms and limiting conditions of deep‐layer peat fires remain poorly understood. 

Research to date has explored peat smouldering chemistry kinetics [147], ignition 

dynamics [62,141,148,149], fire spread [81,82,128,150,151], extinction [68,152,153] and fire 

emissions [80,154,155]. Small‐scale laboratory trials show downward spread to ~30 cm depth 

[128,156], and airborne LiDAR has recorded real‐world peat smoulder penetration of 50 cm 

over extended periods [132,157].  

In our earlier pilot experiments, we demonstrated that coil‐heated peat fires ignited at 

depths up to 15 cm can propagate upward to the surface [82]. However, both laboratory and 

field studies have been limited to depths ≤ 30 cm; large‐scale experiments probing deeper soil 

layers are still needed. This study presents a series of metre‐tall peat‐column experiments to 

characterize underground peat fire behaviour. We quantify temperature profiles, spread 

dynamics, persistence and CO emissions over burn durations exceeding ten days. These 

findings provide insights on the mechanisms driving in‐depth peat smoulder fires and lay 

groundwork for future larger‐scale field investigations. 

  

5.2 Experimental methods 

5.2.1 Peat sample 

Commercially sourced Estonian moss peat was chosen for its ∼97 % organic content, 

uniform density, and consistent particle size, ensuring the experimental reproducibility 

[62,68,71,79,158]. Elemental analysis shows that its mass fraction of C/H/O/N/S is 
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45.6/6.0/48.0/0.5/0.3%, respectively. Samples were oven-dried at 75 °C for 48 h (Huang and 

Rein, 2017) and then equilibrated in ambient air to an equilibrium moisture content of ∼10%. 

This dry peat was used for tests. The measured bulk density (𝜌𝑝, kg m-3) of dry peat was 128 

± 10 kg/m3, and its porosity (𝛷𝑝) was 0.90 ± 0.01. 

To study the effects of moisture content, dried peat was blended with water to achieve the 

desired MC, packed into sealed containers, and allowed to homogenize for at least 48 h, during 

which natural volumetric expansion occurred [62,128]. Thermogravimetric analysis was 

performed on a PerkinElmer STA 6000 under both air and N2 atmospheres; representative 

TGA curves are provided in Appendix 3. The full suite of chemical properties for the peat 

samples is summarised in Table 5-1. 

Table 5-1 Properties of dried peat used in the experiments. 

Bulk 

density 

(kg/m3) 

Dried 

moisture 

(%) 

Volatile 

content 

(%) 

Ash 

content 

(%) 

Fixed 

carbon 

(%) 

Heat of 

combustion 

(MJ/kg) 

C 

(%) 

H 

(%) 

O 

(%) 

C/O 

(-) 

H/O 

(-) 

127.8±10 <10 72.0 3.5 24.5 13.1 46.1 5.8 47.5 0.97 0.12 

 

5.2.2 Experimental setup and procedure 

Fig. 5-2 illustrates the 1 m-tall peat-column apparatus. The reactor walls are fabricated 

from 1 cm-thick ceramic fibreboard for its low thermal conductivity and non-flammability [33], 

and clad in two layers of aluminium foil to suppress radiative heat loss [83]. Similar setups of 

smaller sizes had been widely used for past lab-scale peat fire experiments 

[81,82,128,156,158–160]. The internal cross-section measures 24 cm × 24 cm to minimise 

cold-wall quenching effects [67]. However, the use of ceramic fibreboard makes it impossible 

for the infrared camera to capture the evolution and propagation of the smouldering front from 

the side view. 

An array of K-type thermocouples (1.5 mm bead diameter) is inserted through the sidewall 

at 6 cm vertical intervals, under the assumption of predominantly one-dimensional front 

propagation, to monitor temperature and track the smouldering front. A 20 cm electrical coil 

heater, powered at 200 W for 60 minutes, serves as the ignition source; this protocol reliably 

establishes a uniform front in peat up to 150% moisture content [128]. Ignition depths vary 

from the surface (0 cm) down to -100 cm in 20 cm steps, allowing the front to initiate at 

different soil layers. A Testo 340 real-time sensor positioned 5 cm above the free surface 
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records CO emissions. Temperature and gas-phase data are logged every minute for up to 12 

hours, until the column cools to ambient temperature. Each scenario is replicated at least twice, 

with three to four repeats when multiple propagation modes appear, ensuring the 

reproducibility owing to the peat’s uniform commercial specifications [68].  

 

Fig. 5-2 Experimental setup for in-depth smouldering peat fire. 

In our experiments, oxygen was supplied primarily through the open top surface of the peat 

column. Minor gas leakage around the thermocouple ports likely introduced a low level of 

lateral oxidiser ingress. In natural peat fires, oxygen likewise diffuses into the smouldering 

zone from the sides, as shown in Fig. 5-1 (c-d). These small lateral flows may therefore improve 

the laboratory setup’s fidelity to field conditions. 

 

5.3 Experimental phenomena and results 

Surface and subsurface smouldering in peatlands has long been observed yet remains 

poorly characterized due to the inherent difficulty of direct observation. In this section, we 

compare the persistence and spread of smouldering peat fires (initial moisture content 10%) 

ignited at different depths. Representative temperature-time evolutions for each ignition depth 

are provided in the supplementary videos. 
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5.3.1 Base case of surface ignition  

Fig. 5-3a presents thermocouple data for the base case, in which smouldering was initiated 

at the surface (z = 0) of an air-dried peat column (MC = 10%). After 60 min of coil heating, 

the surface temperature exceeded 500 °C, confirming the establishment of a robust 

smouldering front. The reaction then propagated downward, where a layer of black char and 

white ash layer was formed on the free surface due to environmental heat losses. Such 

phenomenon was also observed in other experiments and real scenarios [71,128]. As this 

insulating layer accumulated, oxygen transport to the deeper front became increasingly 

restricted, causing the reaction‐zone temperature to fall from approximately 550 °C near the 

surface to about 350 °C at depth (see more discussion in Section 5.3.2).  

After about 4 days, peak front temperatures had declined to roughly 300 °C which was 

insufficient to fully oxidise the char (see TGA in Appendix 3), and substantial char and unburnt 

peat remained. At this point the smouldering front stabilized at about -35 cm below the original 

surface, with no further surface regression.  

Fig. 5-3b further plots the temperature profiles recorded at 24 h intervals, with the dashed 

black line marking the regressed surface position. As expected, after the ignition, a strong 

smouldering front gradually propagated downward with a regressing top surface. The hottest 

zone is not on the top surface but consistently below the top free surface. It was because the 

accumulating layers of unburnt char and ash on the top reduced the environmental cooling. 

Following the initial continuous front, the smouldering zone bifurcates into two distinct 

reaction fronts at separate depths. 
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Fig. 5-3 Base case with peat fire ignited on top free surface, (a) thermocouples data and (b) 

evolution of temperature profile, where the negative sign means the distance below the initial 

free surface (z = 0). 

The primary reason for the separated multi-depth burning was that the downward fire 

propagation was localised. In other words, the cross-section area of 24 cm × 24 cm was not 

entirely ignited because it was much larger than the size of the smouldering front (5~10 cm) 

[81]. By contrast, smaller 10 cm × 10 cm columns exhibited uniform front propagation across 

the cross section [71,128]. In natural peatlands, similar lateral oxygen supply likely generates 

multiple fronts, accelerating fire spread and complicating detection. In other words, 

extinguishing surface smouldering does not eliminate deeper burning.  

Moreover, from Fig. 5-3b shows that the first front reached the column base by day 2, then 

persisted as a low‐temperature, localized burn under limited oxygen. A secondary front formed 

thereafter, descending for an additional four days. The elevated peak temperature on day 8 

reflects thermocouple placement outside the reaction zone on days 6–7 rather than increased 

combustion intensity. The overall smouldering persisted for more than ten days, with only 25 

percent mass loss measured, which is the evidence of incomplete combustion due to oxygen 

restriction and moderate temperatures. 

Afterwards, to simulate the in-depth burning and re-emerging behaviour of peat fires, we 
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initiate smouldering fires at different depths of the peat column (starting from -20 cm) to 

observe the smouldering burning and fire propagation behaviours. 

 

5.3.2 Shallow peat fire propagation (upward-and-downward) 

Fig. 5-4 (a-b) shows the temperature evolution for the case ignited at -20 cm depth. 

Following coil heating at z = -20 cm, the smouldering front propagated downwardly (also see 

Video S1). During this process, no smoke or volume change could be observed visually until 

the expanding smouldering front approached the peat surface. Roughly 12 hours after ignition, 

the front reached the surface, producing heavy smoke and elevated temperatures. A black char 

spot then formed and rapidly spread laterally across the surface under abundant ambient 

oxygen. These holdover, hibernation, and re-emergence stages reproduce the dynamics 

observed in our earlier pilot tests [82] and in field peatlands across Southern Africa, Southeast 

Asia and the Arctic [9,13,146]. Unlike mixed fuels on natural surfaces, pure peat did not 

transition to flaming [62]. Although in real fire scenarios, other surface fuels (e.g., leaves and 

branches) on the peatlands may be ignited or even trigger a flame. This process requires future 

investigations. 

 

Fig. 5-4 Thermocouple measurement of smouldering peat fire ignited at the depth of -20 cm. 

The negative sign means the distance below the initial free surface (z = 0). 
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After surfacing, smouldering resumed downward propagation in a manner analogous to the 

surface-ignited case (Fig. 5-3), including the development of two distinct reaction fronts and 

roughly 35 cm of surface regression over nine days. The peak temperatures on Days 7 and 8 

exceeded those on Day 6, reflecting localized deep layer burning under limited oxygen. 

Although the primary front appeared stationary at −80 cm for six days, lateral spread within 

the cross-section likely occurred, requiring further investigation.    

   

5.3.3 Deep fire downward propagation  

Ignition at depths of -40 cm and -60 cm below the surface produced a different burning 

phenomenon, as shown in Fig. 5-5. In both cases, the smouldering front persisted only within 

the deep peat layer; temperatures recorded above the ignition zone never exceeded 100 °C, and 

the overlying peat remained uncharred. These observations confirm that no upward 

propagation occurred. 
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Fig. 5-5 Thermocouple data and temperature profile of smouldering peat fire ignited at depths 

of (a-b) -40 cm and (c-d) -60 cm, where the negative sign means the distance below the initial 

free surface (z = 0). 
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The peak temperatures below the ignition location barely reached 300 oC, because the 

thermocouples were not in contact with the local burning fronts. Nevertheless, we can see the 

overall fire propagation was downward, and there must be multiple localised fire propagation 

in different directions. Due to the low smouldering temperature, even after burning for 10 days, 

the total mass loss was less than 10%. These local fire fronts were not stable that were easily 

extinguished under the limited oxygen supply. Therefore, even after burning for 10 days, the 

total mass loss was less than 10%. The residual in the deep layer also included some uncharred 

fresh peat soil. Therefore, the burning of deep peat fire was incomplete, which is another reason 

for forming multiple burning fronts in deep layers. These deep local fire fronts were unstable 

under limited oxygen supply, so they may not always be self-sustained. Moreover, during the 

entire burning process of 10 days, No visible smoke, surface collapse or regression occurred 

throughout the burn, highlighting the difficulty of detecting in-depth peat fires. A further three-

day observation post-cooling revealed no re-ignition. 

 

5.3.4 No fire propagation (local partial burning) 

In tests with ignition depths of -80 cm and -100 cm (Fig. 5-6), different behaviours were 

observed. After 60 minutes of coil heating, temperatures in the ignition zone rose above 400 °C, 

confirming robust smouldering reaction front. Once heating ceased, temperatures settled 

around 300 °C, which is close to the peat’s minimum smouldering threshold [62]. However, 

the fire was successfully initiated because there was some clear temperature increase from time 

to time.  

During the first two to three days, the active combustion zone expanded only marginally, 

with no clear upward or downward migration of the front. Afterwards, the burning was only 

sustained in these small regions, and a clear fluctuation of temperature was also observed over 

the next several days because of the limited and uneven oxygen supply. By day 10, all probes 

fell to ambient temperature and no surface regression was detected. Post-test inspection 

revealed that peat above the ignition depth remained essentially unaltered, while at and below 

the ignition plane the soil was heavily charred but showed little white ash formation, indicating 

incomplete oxidation under severe oxygen restriction. 
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Fig. 5-6 Thermocouple measurement of smouldering peat fire ignited at the depth of (a-b) -80 

cm, (c-d) -100 cm. The negative sign means the distance below the initial free surface (z = 0). 

The overall burning was so weak that it was both a long-term burning process and a 
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prolonged extinction process. It is worth noting that the moisture redistribution likely played a 

role: water evaporated from the deep‐layer burn zone may have migrated upward and 

condensed in cooler peat, raising moisture content in the overlying layer and inhibiting further 

spread. Future field experiments should investigate how such moisture dynamics contribute to 

self‐suppression of deep smouldering fires. 

 

5.4 Analysis and Discussion 

5.4.1 Smouldering temperature 

Fig. 5-7 shows the peak smouldering temperatures measured at different ignition depths. 

Because thermocouples sample only a single point, they may miss the local hot spot, so some 

reported peaks below 250 °C likely underestimate the true maximum and do not indicate 

sustainable smouldering at those lower values. 

When the fire starts at the surface (0 cm), peak temperature falls from about 550 °C down 

to 350 °C at -40 cm depth. Beyond -40 cm, it remains stable near 300 °C, just above the 

minimum smouldering threshold. The same trend appears for ignition at -20 cm: temperatures 

decline to 300 °C by -40 cm and then remain essentially constant at greater depths. In other 

words, once the front propagates below approximately -40 cm, peak smouldering temperatures 

are depth‐independent at roughly 300 °C.  

 

Fig. 5-7 Measured peak smouldering temperature at different depths of the peat fires (the 

error bar represents the standard deviation of the measured data). 
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In peat columns ventilated only from the surface, peak smouldering temperature declines 

with depth because the growing ash weakens the oxygen diffusion to the reaction zone [128]. 

This agrees well with the trend of smouldering temperatures above -40 cm, as shown in Fig. 

5-7. This decline continues down to about -40 cm. Below that depth, temperatures stabilize 

near 300 °C, indicating that surface‐driven oxygen ingress has become negligible and lateral 

diffusion dominates. As a result, fires ignited deeper than -40 cm remain localised or spread 

downward without breaking through to the surface. Further experimental and numerical work 

will be essential to clarify how lateral oxygen supply and ash insulation govern deep‐layer 

smouldering. 

 

5.4.2 Burnt mass loss 

After fire extinctionwe measured residual mass in the one‐metre column to quantify total 

peat consumption. A 20% mass loss corresponds to complete combustion of a -20 cm layer. 

Fig. 5-8 plots mass loss and equivalent burnt thickness versus ignition depth. Surface ignition 

(z = 0 cm) consumed roughly 25% of the peat, consistent with ~35 cm of surface recession 

(Fig. 5-3). With ignition below -40 cm, mass loss fell below 10%, and no surface regression 

or collapse was observed. Thus, despite burn durations exceeding ten days, deep‐layer 

smouldering remains highly incomplete: only a small fraction of the peat undergoes pyrolysis 

to char, and only a portion of that char oxidises, as evidenced by low reaction‐zone 

temperatures (~300 °C). Because chemical‐reaction rates rise exponentially with temperature, 

prolonged low‐temperature smouldering yields minimal mass loss. 

 

Fig. 5-8 Measured burnt mass loss (or equivalent burnt thickness) vs. initial peat fire depth. 
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5.4.3 Smouldering CO emission 

As smouldering is an incomplete combustion process, carbon monoxide emissions warrant 

particular attention. CO arises both from peat pyrolysis and from char oxidation [155]. 

Therefore, Fig. 5-9 summarises CO concentrations measured 5 cm above the original surface 

for varying ignition depths. 

 

Fig. 5-9 Measured CO concentrations 5 cm above the top surface for peat fires at different 

depths. 

During the 60 min coil-heater ignition, CO levels reached a high level (~103 ppm) for all 

ignition depths. For surface (0 cm) and -20 cm ignition in Fig. 5-9 (a-b), concentrations initially 

sat around 102 ppm, then climbed to about 103 ppm as the fire spread upward and laterally 

across the surface. Such high CO levels pose potentially lethal risks to firefighters and nearby 

residents [161,162]. By contrast, in-depth or localized smouldering scenarios (Fig. 5-9 (c-f)) 

yielded CO concentrations on the order of 10 ppm. Although these deep fires are difficult to 
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detect by satellite or visual patrol, the elevated surface CO indicates that continuous CO 

monitoring could provide an effective early detection for hidden underground peat fires. 

 

5.4.4 Effect of moisture content 

Moisture content strongly influences peat properties [80,128,149,150,163]. To assess its 

impact on deep smouldering, we ignited a peat column at -60 cm with 50% MC and compared 

it to a dry (~10% MC) case (Fig. 5-10). Raising MC from ~10% to50 % halved the burn 

duration from approximately 11 days to 5 days, despite using the same ignition protocol (200 

W, 60 min). 

 

Fig. 5-10 Comparison of smouldering dry peat (MC = 10%) and wet peat (MC = 50%) in the 

same ignition position of -60 cm. The negative sign means the distance below the initial free 

surface (z = 0). 

In the wet sample, the smouldering front advanced only to -80 cm and exhibited lower peak 

temperatures. This reduced persistence arises from three moisture‐related effects: altered 

thermal properties, enhanced heat transfer via vapor diffusion, and a strong evaporative heat 

sink [62,164]. Moreover, evaporated water may re-condense above the reaction zone, further 

inhibiting spread. These findings highlight the importance of maintaining high peat moisture 
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in fire-prone areas. Systematic future studies should explore moisture‐dependent smouldering 

behaviour in greater detail. 

  

5.5 Conclusions 

This chapter demonstrates that once ignited at any depth, peat smouldering can persist for 

over ten days in deep soil layers. As ignition moves deeper, four different fire regimes arise: 

(I) downward spread, (II) bidirectional (downward + upward) spread, (III) deep-layer 

propagation, and (IV) localized burning. In regimes III and IV, the absence of visible smoke, 

surface collapse, or regression underscores how difficult these deep fires are to detect. 

Temperature-depth profiles reveal that for ignition depths shallower than 40 cm, peak 

smouldering temperatures fall with increasing depth. Beyond -40 cm, peak temperatures 

remain stable at approximately 300 °C, indicating that oxygen transport governs fire dynamics 

in deep layers. Prolonged smouldering at these moderate temperatures produces only minor 

mass loss due to incomplete combustion. Near-surface CO concentrations span roughly 10 to 

102 ppm, suggesting a practical monitoring possibility for hidden fires. Finally, elevated peat 

moisture content is found to slow deep-layer propagation and shorten overall burn duration.  
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Chapter 6 Conclusions of this Thesis 

Smouldering is the slow, low-temperature, and flameless combustion which primarily 

controlled by two mechanisms: system heat loss and oxygen supply. The path and rate of 

oxygen supply are crucial for the heterogeneous oxidations that generate the required heat to 

balance endothermic processes such as drying, pre-heating, environmental cooling, and 

endothermic pyrolysis reactions during propagation. Therefore, this thesis focuses on the 

fundamental problem of oxygen thresholds in near-limit smouldering, and the influence of fuel 

properties and environmental conditions. Experimental and computational studies were carried 

out to explore characteristics of limiting oxygen supply under forced internal flow. Large-scale 

laboratory experiments (1 metre in height) were conducted to demonstrate persistent 

smouldering phenomena under oxygen-limited conditions. The findings and conclusions in this 

thesis contribute to an in-depth understanding of smouldering combustion, which enriching 

prevention strategies for smouldering fires, and assists in optimising the applied smouldering 

systems. 

 

6.1 Outcomes of the present research 

First, Chapter 1 comprehensively reviewed the background, research motivation, current 

methodologies and insights in literature. Several knowledge gaps were identified: (1) the 

fundamental research problem of the actual minimum oxygen rate required to sustain 

smouldering remains unclear. (2) the roles of fuel properties and environmental conditions are 

still not well understood. (3) Even for the same fuel, varying values of LOC are reported due 

to different setup and boundary conditions. The general research objectives and methodologies 

were determined to address these gaps.  

In Chapter 2, the limiting oxygen supply to sustain different smouldering propagation 

modes is experimentally quantified with a forced internal flow in a novel reactor. Smouldering 

propagation in peat soil under varying internal oxidiser flow velocities (up to 14.7 mm/s) and 

oxygen concentrations ranging from 2% to 21% were investigated. The findings reveal a 

transition in smouldering behaviour: at higher velocities, smouldering propagates 

bidirectionally (forward and opposed), while reducing the velocity results in unidirectional 

propagation. At a velocity as low as 0.3 mm/s, smouldering ceases, with the minimum 

temperature recorded at around 300°C. As internal flow velocity increases, the limiting oxygen 

concentration for sustaining smouldering decreases, reaching a minimum value below 2%. 
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When the oxygen concentration exceeds 10%, the minimum oxygen supply rate stabilizes at 

0.08 ± 0.01 g/m2·s. However, for oxygen concentrations below 10%, the required oxygen 

supply rate rises sharply due to enhanced convective cooling caused by the higher internal flow 

velocities.  

Furthermore, the role of fuel bulk density and particle size were determined and analysed 

in Chapter 3. Pine needles of bulk density (55–120 kg/m3) and wood samples of particle size 

(1–50 mm) were selected for experiments. Our results show that the minimum airflow velocity 

required to sustain smouldering increases as bulk density decreases or particle size increases. 

At higher airflow velocities, smouldering initially propagates unidirectionally (opposed), 

transitioning to bidirectional propagation (opposed + forward). However, when the pore size 

is large (due to larger fuel particles or lower bulk density), bidirectional propagation 

consistently occurs because oxygen can penetrate through the opposed smouldering front. A 

simplified thermochemical analysis was conducted to highlight the role of interparticle heat 

transfer in determining the minimum oxygen supply rate for sustaining smouldering 

propagation. 

In Chapter 4, a physics-based 1-D computational model was build integrating heat-and-

mass transfer and 5-step heterogeneous chemistry to investigate the oxygen threshold of 

smouldering propagation in porous pine needle beds subjected to forced internal oxidiser flow. 

Simulation results revealed that, the required oxidiser flow velocity or oxygen supply rate 

increased as the oxygen concentration decreased, and the predicted LOC about 3%, agreeing 

well with the experimental observations and theoretical analysis. Moreover, the required 

airflow velocity was predicted to increase as the fuel density and environmental temperature 

decreased, or the moisture content increased, and the predicted maximum moisture content 

capable of supporting smouldering was about 110 %. At the smothering limit, the modelled 

minimum smouldering temperature and propagation rate were around 300 oC and 0.5 cm/h. 

In Chapter 5, the smouldering underground fires are experimentally demonstrated to be 

able to sustain in deep soil layers for more than 10 days, regardless of the initial burning 

position. As the initial burning position becomes deeper, four smouldering burning modes can 

be observed: (I) downward propagation, (II) upward-and-downward propagation, (III) in-depth 

propagation, and (IV) no propagation (local burning). For the in-depth fire propagation and 

localised burning, no visual smoke, noticeable collapse, or regression was observed, indicating 

the difficulty of detecting deep peat fire. For peat fires shallower than 40 cm, the peak 

smouldering temperature decreases as the depth increases. Otherwise, the smouldering 
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temperature remains at about 300 oC and becomes insensitive to the depth, revealing the 

dominant role of oxygen supply in peat fire dynamics in deep soil layers. Despite long-term 

burning, the mass loss fraction is small because the low smouldering temperature causes 

incomplete combustion. The CO concentration near the surface varies on the order of 10 and 

102 ppm, so it can be used to detect underground fires and monitor their intensity. High peat 

moisture content can slow down in-depth fire propagation and reduce the burning duration. 

 

6.2 Future work 

This thesis has conducted foundational experimental and computational studies to 

systematically explore the oxygen supply thresholds and critical oxygen supply characteristics 

of smouldering combustion. However, smouldering is a complex process, and smouldering fire 

phenomenon on Earth is an interdisciplinary topic involving combustion science, geoscience, 

and ecology. Therefore, future research is necessary to gain a deeper understanding of 

smouldering phenomena and its impacts in Earth ecosystems. 

 

6.1.1 Equivalence in Realistic and Complex Oxygen Supply Scenarios 

From a fundamental research perspective, this study employed a forced internal flow 

oxygen supply model to determine the minimum oxygen required to sustain smouldering 

combustion. However, apart from certain applied smouldering systems that process biowaste 

using forced flow, the results obtained under these conditions are difficult to directly apply to 

realistic smouldering scenarios, such as underground smouldering fires. Therefore, future 

research requires additional experiments, simulations, and theoretical analyses to compare and 

establish connections between the oxygen thresholds identified in fundamental studies under 

forced flow and those in realistic fire scenarios. This will help contribute laboratory-based 

research findings into practical applications for fire safety management. 

 

6.1.2 Field Experiments to Verify Oxygen Threshold Findings 

Full-scale smouldering peat fire experiment will be performed in the field. The maximum 

burning depth and minimum oxygen supply should be investigated by conducting real-scale 

field experiments. In addition, it contributes to verify the results from laboratory experiment 

and numerical simulations. Eventually, the whole series of multi-scale smouldering research 
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will contribute to understanding the dynamics of persistent underground smouldering fires. 

 

6.1.3 Development of AI Models to Predict Oxygen Thresholds in Smouldering 

Since numerous experimental and numerical data have been obtained, a comprehensive 

dataset can be compiled with varying fuel types and composition, fuel properties (e.g., bulk 

density, particle size, moisture content) and environmental conditions (e.g., temperature, 

gravity). Artificial intelligence models such as neural networks can be trained to predict LOC 

and minimum oxygen supply rate of smouldering combustion and fires. This approach can 

systematically leverage the existing insights and new methods, which not only conserves 

additional experimental and computational resources but also facilitates the application of 

current results to a broader range of scenarios. 
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Appendices 

Appendix 1 

Thermogravimetric analysis was performed using a PerkinElmer STA6000 instrument 

under varying oxygen levels, achieved by blending air and nitrogen (N2). The tested oxygen 

concentrations included 21% (ambient air), 10%, 5%, 2%, and 0% (pure N2). Samples 

weighing 2–3 mg were subjected to a heating rate of 30 °C/min, increasing from ambient 

temperature to 800 °C. To ensure reproducibility, each condition was tested at least twice. 

 Figure A1(a) presents the derivative thermogravimetric (DTG) curves for organic peat 

soils across different oxygen concentrations. The initial mass reduction below 200 °C 

corresponds primarily to moisture evaporation, contributing to less than 10% of the total weight 

loss. Beyond the drying phase (<100 °C), two distinct peaks appear, indicating rapid mass loss. 

The first peak, occurring near 270 °C, signifies pyrolysis, where the peat undergoes thermal 

decomposition, releasing volatile gases and forming char. Notably, the pyrolysis temperatures 

remained consistent across all oxygen levels. 

 

 

Fig. A1 (a) DTG and (a) DSC curves of tested peat soil in different oxygen concentrations. 

 

The peak mass loss rate exhibits a positive correlation with oxygen concentration, 

suggesting the occurrence of oxidation near 320°C, where reaction kinetics intensify under 

higher O2 levels. As temperatures rise, thermal decomposition releases flammable volatiles, 

and oxidation becomes the dominant mass loss mechanism. Notably, oxidative reactions were 

detected even at minimal oxygen concentrations (as low as 2%), confirming that smouldering 

combustion can occur under oxygen-limited conditions (see Fig. 2-5).  
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Figure A1(a) further reveals that the cumulative mass loss remains consistent across all 

oxygen concentrations except in pure N2, where oxidative processes are entirely suppressed. 

However, reduced O2 levels significantly decelerate both oxidation rates and smouldering 

propagation. The heat flux required for sample heating (see Fig. A1(b)), serves as an indicator 

of reaction temperatures and associated energy release. Lower oxygen concentrations elevate 

the ignition temperature while diminishing the peak exothermic rate. Despite these variations, 

the total heat release over the full temperature range (up to 800°C) remains stable at 

approximately 12.6 MJ/kg.  
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Appendix 2 

Thermogravimetric analysis was performed using a PerkinElmer STA6000 analyser under 

both oxidative (air) and inert (N2) conditions. Small fuel samples (2-3 mg) were subjected to 

controlled heating from ambient temperature to 800 °C at a constant rate of 20 K/min, enabling 

precise monitoring of mass variations and heat transfer characteristics. Throughout the 

experiments, sample mass and heat flux were continuously recorded with high precision. To 

ensure reproducibility, each experimental condition was repeated at least three times, with 

representative data presented in Figure A2. 

The derivative thermogravimetric (DTG) profiles in Figure A2(a) reveal distinct thermal 

decomposition patterns for wood and pine needles under nitrogen. Following initial moisture 

removal (< 100°C), both materials exhibit rapid mass loss starting at approximately 250 °C, 

reaching maximum decomposition rates between 300-350 °C. This primary devolatilization 

phase corresponds to endothermic pyrolysis, where organic components thermally degrade into 

volatile gases and solid char. Comparative analysis demonstrates that wood samples 

consistently display lower peak decomposition rates than pine needles across all temperature 

regimes. 

Under oxidative conditions (Figure A2(b)), a secondary mass loss peak emerges near 460°C, 

characteristic of heterogeneous oxidation of the char. This exothermic process occurs 

significantly above the primary pyrolysis zone, confirming the thermal separation of these 

distinct reaction mechanisms. Notably, the oxidative degradation rates for wood remain 

systematically lower than those observed for pine needles. 

The differential heat flow profiles (Figures A2(c) and (d)) quantify the thermal energy 

exchange during heating. Integration of these curves under air and nitrogen atmospheres 

enabled determination of the net heat of combustion, yielding values of 15.7 MJ/kg for wood 

and 14.7 MJ/kg for pine needles. These measurements provide fundamental thermochemical 

parameters essential for understanding the combustion behaviour of smouldering fuels. 
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Fig. A2 (a) and (c) show the DTG and DSC curves of wood samples and pine needles in N2 

atmosphere, while (b) and (d) present the comparison in air atmosphere. 
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Appendix 3 

The peat sample was first pulverised into powders and dried at 90 oC for 48 h. The thermal 

analysis of the peat sample was performed using a PerkinElmer STA 6000 Simultaneous 

Thermal Analyser in both air and nitrogen atmospheres. The initial mass was around 2-3 mg, 

and the sample was heated at a relatively low heating rate of 10 K/min. Fig. A3 shows the 

remaining mass fraction and mass-loss rate curves of this peat. As expected, the mass-loss rate 

rapidly increases at about 250 oC, which could be defined as the pyrolysis temperature.  

 

Fig. A3 TGA results of the peat sample at a heating rate of 10 K/min. 

 


