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ABSTRACT 

 

 

Experimental study of smouldering wildfire mitigation: 

spread, suppression and transition to flaming 
 

by 

 

Muhammad Agung Santoso 

 

Doctor of Philosophy in Mechanical Engineering 

 

Imperial College London, 2020 

 

Supervised by Prof. Guillermo Rein 

 
Smouldering and flaming combustion are both important in wildfires, and one can 

lead to the other. Although the characteristic temperature, spread rate and power of 

smouldering are low compared to flaming combustion, smouldering is far more persistent. 

Peatland wildfires are dominated by smouldering combustion and have been reported to 

be some of the largest wildfires in terms of fuel consumption and pollutant emissions. 

Unfortunately, current fundamental understanding of smouldering wildfire is limited, 

resulting in ineffective mitigation strategies. In this thesis, novel experiments were 

developed to study three phenomena: smouldering peat fire, its suppression, and the 

transition from smouldering to flaming combustion. To understand the behaviour of 

smouldering under real conditions, the largest to-date peat wildfire experiment was 

conducted in Sumatra, Indonesia, investigating ignition, spread, emission and 

suppression. The fire was observed continuously for the first time propagating for 10 days 

during day and night times, and despite major rainfalls. Lab-scale experiments were 

conducted to study the suppression under variable flow rate and wetting agents. The 

minimum suppression column height at the lab-scale agrees with the field-scale 

experiment. The required volume of suppressant per mass of peat was constant, therefore 

suggesting a fundamental property, at around 5.7 L/kg-peat despite changes in flow rate 

and wetting agent concentration. To further understand the transition from smouldering 

to flaming combustion, a novel experimental rig was designed to investigate the role of 

wind. Compared to continuous wind exposure, transition from smouldering to flaming 

occurred earlier under pulse wind and depended less on sample size. The results in this 

thesis can help to improve prevention and mitigation efforts. 
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PREFACE 
 

 This thesis starts with Chapter 1 discussing about smouldering fire and peat 

fires behaviour. This chapter generally outlines the behaviour of peat fire 

smouldering under real conditions, its suppression difficulty, and smouldering-to-

flaming transition in wildfire as topics with currently limited understanding. This 

chapter is based on: 

 

Santoso MA, Huang X, Prat-Guitart N, Christensen E, Hu Y, Rein G (2019). 

Smouldering fires and soils. In ‘Fire Effects on Soil Properties’. (Eds P Pereira, 

J Mataix-Solera, X Ubeda, G Rein, A Cerdà) pp. 203–216. (CSIRO Publishing: 

Melbourne) https://doi.org/10.1071/9781486308149     

 

Chapter 2 presents field experiment on peat fires conducted in tropical 

peatland in Indonesia in 2018. This chapter outlines the experimental evidence in 

the field regarding the persistency of smouldering peat fire, surviving for 10 days 

during day and night and despite rainfall events, until controlled suppression 

attempts were conducted. This chapter is based on: 

 

Muhammad A. Santoso, Eirik G. Christensen, Hafiz M. F. Amin, Pither 

Palamba, Yuqi Hu, Dwi M. J. Purnomo, Wuquan Cui, Agus Pamitran, Franz 

Richter, Thomas E. L. Smith, Yulianto S. Nugroho, and Guillermo Rein. 

GAMBUT field experiments on tropical peat fires in Sumatra: from ignition 

to spread and suppression. (to be submitted) 

 

Chapter 3 presents lab-scale experiment on the suppression of smouldering 

peat fire by varying suppression flow rate and wetting agent concentration. This 

chapter confirms the suppression dynamics of peat fires observed during the field 

experiments presented in Chapter 2. Chapter 3 is based on: 

 

Santoso MA, Cui W, Amin HMF, Christensen EG, Nugroho YSN, and Rein 

G. Laboratory study on the suppression of smouldering peat wildfires: effects 

of flow rate and wetting agent. International Journal of Wildland Fires. 

https://doi.org/10.1071/WF20117 

 

Chapter 4 presents literature review on smouldering-to-flaming transition in 

wildfires, identifying the governing underlying mechanisms, i.e. oxygen supply 

and heat loss. This chapter is based on: 

 

Santoso MA, Christensen EG, Yang J and Rein G (2019) Review of the 

Transition From Smouldering to Flaming Combustion in Wildfires. Front. 

Mech. Eng. 5:49. doi: 10.3389/fmech.2019.00049 
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Chapter 5 presents the lab-scale experiment investigating the effect of wind 

on smouldering-to-flaming transition, following the literature review in Chapter 

4. This chapter is based on: 

 

Muhammad A. SantosoCO, Eirik G. ChristensenCO, Guillermo Rein. The 

effects of pulse and continuous wind on the transition from smouldering to 

flaming combustion on wood. (to be submitted) 

 

Chapter 6 outlines the general conclusions of the thesis. 
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Chapter 1  

 

Smouldering fires and soils 

 
 

1.1. Smouldering of organic soils1 

Smouldering is the slow, low temperature, flameless burning of porous fuels 

[1]. Smouldering is a form of combustion causing long-lasting fires in natural fuels, 

such as coal deposits and peatlands, that is persistent despite firefighting 

measures and extensive rains. Once an organic soil is ignited either by flames or 

lightning strike, smouldering fires can be sustained for months, and spread over 

both the surface and deep layers of the fuels. Smouldering fires in organic soils, 

especially peat, have received increased attention from the geoscience community 

in recent years due to the extensive scale of ecosystem damage, pollution and 

climate effects. 

Smouldering fires in organic soils consume a massive amount of mass due to 

their persistent nature and the possible spread deep into the soil. Davies et al. [2] 

surveyed an afforested peatland in the Scottish Highlands after a severe wildfire 

during the summer of 2006. Fires continued for more than a month and engulfed 

an area of 4.1 ha. The reported value of organic matter consumption was 773 ± 120 

t. Recent experiments showed that the carbon emission rate from organic soil fires 

is ~200 t day–1 ha–1 [3]. Given the massive carbon emission from smouldering fires, 

its inclusion in the Intergovernmental Panel on Climate Change (IPCC) global 

carbon budget needs to be considered. Differing from flaming wildfires over the 

surface vegetation and tree crown, which are faster and release more heat [1,4], 

the smouldering of organic soil poses a greater threat in terms of the fuel 

consumption, emissions and effects on the soil system. 

Soil is a natural system composed of solids, liquids and gases that occurs on 

a land surface [5]. The amount of organic matter in a soil determines its 

classification as mineral or organic. Organic soils formed where the rate of organic 

matter accumulation exceeds the decomposition rate; such conditions are met in 

cold climates or regions with high level of precipitation [6]. There are several 

classification systems for soil types. Hence, different definitions of organic soil can 

be found, i.e. histosol, peat or muck, based on the organic content of the soil. Huang 

 

 
1 This chapter is based on “Santoso MA, Huang X, Prat-Guitart N, Christensen E, Hu Y, Rein G (2019). 

Smouldering fires and soils. In ‘Fire Effects on Soil Properties’. (Eds P Pereira, J Mataix-Solera, X Ubeda, G 

Rein, A Cerdà) pp. 203–216. (CSIRO Publishing: Melbourne) https://doi.org/10.1071/9781486308149.” 
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et al. [7] summarised the soils classification as shown in Figure 1.1. Three 

classification systems agree that soils primarily containing organic carbon are 

defined as peat. For this reason, this chapter focuses attention on peat as the best 

representative of organic soils. 

 

 
Figure 1.1. Summary of classification systems for soils using organic content for the 

determination of peat, muck or mineral soil according to the International Peat Society 

(IPS), Canada Soil Survey Committee (CSSC) and International Organization of 

Standardization (ISO). Example interpretation: in IPS classification, if soil has organic 

content of 0–20%, 20–50%, or more than 50%, the soil is mineral soil, muck, or peat, 

respectively. Based on data from Huang et al. [7]. 

Worldwide, peatlands cover around 3% of the Earth’s land surface, while 

storing one-third of the world’s soil carbon [8,9]. Peatlands can be found in Europe, 

North America, Siberia, Africa and South-East Asia. This makes the carbon stored, 

which is the result of thousands of years of natural accumulation of biomass, equal 

in size to the atmospheric carbon pool, and exceeds the carbon in the global surface 

vegetation [10]. 

Large smouldering fires are rare events on the local scale but occur regularly 

on a global scale [11]. A major threat from large smouldering fires is the massive 

release of carbon into the atmosphere. Carbon emissions of peatland fires have 

been reported in various studies with respect to their global impacts on climate 

change, health effects, air pollution and carbon deposits [2,12–16]. 

Page et al. [12] studied smouldering peat fires in Indonesia during the 1997 

El Nino event. The estimated extent of these fires was ~20 million ha of peatland. 

The peat mass loss caused by prolonged smouldering fire was estimated to be 

between 1.123 and 1.367 Gt. This estimation was made with the assumption that 

the peat bulk density was 100 kg/m3. In the same climatic region, Ballhorn et al. 

[13] estimated depth of burn with LIDAR aerial remote sensing in Kalimantan, 

Indonesia, after the 2006 severe peatland fires. They reported an average mass 

loss of 0.439 Gt from ~1 million ha of burned peatland. 

In flaming wildfire, fireline intensity can be estimated by using Byram’s 

fireline intensity equation [17–20]. This equation considers the fuel low heat of 

combustion, quantity of fuel consumption, and linear fire spread rate [17,19]. 

Intensity of smouldering peat fire can also be estimated by using this equation and 
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might show comparable intensity to flaming wildfire fireline intensity due to the 

significantly massive fuel consumption in peat fire. Though, it can be argued that 

this approach may not capture the overall intensity of peat fire which also well 

known for its massive carbon emission which is the result of thousands of years 

accumulation (having higher chance of being irreversible), pollution effect in the 

form of regional haze episode, deep underground fire spread, and subsidence and 

flooding effect. Even if peat fire identified with lower spread rate and temperature 

than flaming wildfire, peat fire intensity might require more variables than 

flaming wildfire to be well estimated. Another variable that can be considered is 

thermal residence time which will be discussed in the following subsection of 

Chapter 1.3. Thermal Severity on Soils.  

Peatlands around the world play an important role in the global carbon 

balance [21] and their role as carbon sinks is becoming even more important under 

the current climate change projections. However, after large smouldering fire 

events, peatlands act as carbon sources and this effect can last for up to about a 

decade until the ecosystems once again become carbon sinks [22,23]. In 

undisturbed pristine condition, peatland is protected from fire because of the wet 

condition (very high moisture content (MC) that can be up to ~300% in dry basis 

[10,24]) or because of the cold climate such as in arctic region. The peatland then 

acts as a carbon sink by sequestering the carbon from the dead organic material 

with minimum carbon emission due to the fire-protected conditions and slow 

decomposition rate [10]. However, due to global warming and land-use change, the 

occurrence of fire in peatland can disturb the pristine conditions of peatland by 

lowering the water table and/or decreasing the average soil MC. As a result, the 

peatland will be more susceptible to fire, easily burning in the following fire season, 

and releasing the massive amount of carbon that has been stored for millennial 

[9,12,25]. This massive emissions from smouldering fires [12,14] and its 

widespread occurrences could lead to the acceleration of climate change. The 

release of ancient carbon creates a positive feedback mechanism in the climate 

system: a self-accelerating process [25] as illustrated in Figure 1.2. Warmer global 

climates would result in more frequent and more extensive smouldering fires from 

areas where warmer and drier soils are induced by climate change [26]. 

In conditions where long severe droughts persist, such as during El Nino 

events, smouldering peatland fires can lead to regional haze episodes [12,14]. Haze 

is defined as the large-scale accumulation of smoke at low altitudes in the 

atmosphere [27]. Haze results in poorer air quality, transportation disruption, 

impaired visibility and vast economic losses. It also carries broad health effects, 

predominantly to the respiratory and cardiovascular systems [28–30]. 
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Figure 1.2. Schematic of the feedback loop between smouldering fires and climate change. 

Image from Rein [25], CC BY. 

Degraded peatlands are the most vulnerable to smouldering fires [10]. This 

degradation is often due to drought, climate change, drainage or land-use change. 

The water content of wildland fuels such as peat varies naturally over a wide range 

(from dry to flooded in water) and, because water represents a significant energy 

sink, MC is the single most important property governing the ignition and spread 

of smouldering wildfires [1]. During the degradation process (a process that takes 

years), the water table is lowered and peatlands are exposed to the atmosphere 

with a subsequent reduction in MC and loss of organic matter. The current high 

degradation rate of several peatlands worldwide is expected to lead to an increase 

of smouldering peat fires in all climate regions [22,31–35]. 

Smouldering of organic soil can be represented by a multi-step process: 

drying (Eq. 1.1), pyrolysis (Eq. 1.2), and the oxidation of char produced from 

pyrolysis (Eq. 1.3). Figure 1.3 shows the generalised chemical reaction paths and 

the main species involved. Four condensed-phase species (water, organic soils, 

char, and ash) and one gas-phase species (pyrolysate) are shown. To start the 

process, heat is required for drying and pyrolysis. Pyrolysis is the thermal 

degradation of the organic matter, resulting in a porous char, pyrolysates and ash. 

If the oxygen is consumed in char oxidation (Eq. 1.3, Path I) by directly attacking 

the surface of the porous char matrix, the combustion process is smouldering. On 

the other hand, flaming fires involve the oxidation of the pyrolysates released in 

pyrolysis (Eq. 1.4) [1]. Thus, depending on the oxygen supply and heat transfer 

process, either smouldering or flaming could dominate the combustion process. 

Nevertheless, both paths produce heat required to maintain the drying and 

pyrolysis in adjacent organic soil. 
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Soil drying: 

Organic Soils (s) • Water (l) 
ℎ𝑒𝑎𝑡
→   Organic Soils (s) + Water vapour (g) (1.1) 

 

Organic soil pyrolysis: 

Organic Soils (s) 
ℎ𝑒𝑎𝑡
→   Char (s) + Pyrolysate (g) + Ash (s) (1.2) 

 

Char oxidation (as ‘smouldering’ in Figure 1.3): 

Char (s) + O2 (g) → Heat + CO2 + H2O + Other emission gases + PMs + Ash (s) (1.3) 

 

Pyrolysate oxidation (as ‘flaming’ in Figure 1.3): 

Pyrolysate (g) + O2 (g) → Heat + CO2 + H2O + Other emission gases + PMs (1.4) 

 

 
Figure 1.3. Possible reaction paths and main species of organic soils combustion in 

wildfires. Source: X Huang, CC BY. 

The two controlling mechanisms of smouldering spread are the oxygen 

supply and heat losses from the reaction zone [36]. Atmospheric oxygen feeds 

smouldering wildfires in all cases. However, this supply decreases with soil depth 

(or distance to air channels) but increases with greater soil permeability. On the 

other hand, heat losses hinder smouldering and increase with environmental wind 

speed because of convective cooling. However, heat losses decrease with soil depth 

because of the insulating effect of the ground [25]. 

Smouldering and flaming are closely related, and one can lead to the other. 

The persistent smouldering of thick fuels (i.e. tree branches, trunks) typically 

observed for days after a flaming wildfire has passed by has been called residual 

smouldering combustion and has received some attention in the literature (e.g. 

Bertschi et al. [37]). The reverse, transition from smouldering to flaming, is less 

often observed or archived in wildfires, even though transition to flaming is more 

important since smouldering is more readily to be ignited than flaming [38]. 
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Transition to flaming is a spontaneous gas-phase ignition supported by the 

smouldering reaction, which acts both as the source of gaseous fuel and of heat to 

ignite the flame [39]. This transition has received very little attention and the 

current understanding of the process is still limited. Recently, attention on 

transition to flaming in wildfire has been increased due to the community started 

to investigate wildfire spread via embers deposition [40–44]. Beside investigating 

transition to flaming through embers deposition, which is already a complex 

process, there is also a need to fundamentally understand transition to flaming in 

wildfire due to simpler thermodynamic conditions, such as under enhanced oxygen 

supply (i.e. strong winds). 

 

 

1.2. Peat Fire Behaviour 

The MC (presented in dry weight basis) is an important factor governing 

smouldering ignition, spread and extinction [45–48]. A peatland during the wet 

season can consistently hold ~300% of MC, thus difficult to ignite [10]. However, 

during drought events, peatlands dry out and become prone to fires. The threshold 

to ignition depends on the inorganic content and MC of organic-rich soil [47,49]. 

This relationship was further explored via numerical simulation by Huang et al. 

[48], as summarised in Figure 1.4. 

 

 
Figure 1.4. Critical ignition limit of peat as a function of moisture content (MC) and 

inorganic content (IC). The black line is the linear fit from experimental data (square 

symbol) [47,49]. The dashed black line are computational simulations by Huang et al. [48]. 

Source: Figure from Huang et al. [48], CC BY. 

Once peat is ignited on the free surface (below the critical line in Figure 1.4), 

smouldering propagation develops in two dimensions: the lateral (horizontal) and 
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in-depth spread (vertical), as shown in Figure 1.5. Readily available oxygen makes 

the lateral fire spread faster than the in-depth spread. For the latter, the oxygen 

has to diffuse through the ash layer accumulated on top of the smouldering front 

[50]. Thus, the surface extent of smouldering peat fires will be governed by the 

rate of lateral spread and the existence of flaming spread. As mentioned earlier, 

the most important property in smouldering peat fires is soil MC, because the heat 

required to evaporate MC reduces the heat available to sustain smouldering [1]. 

In field measurements, it has been reported that the MC could be as high as ~220% 

at a depth of 50 cm [51] and even at 268% at a depth of 11–20 cm [52] limiting the 

extent of in-depth spread. 

 

 
Figure 1.5. Schematic of smouldering front in lateral and in-depth spread in peat fires. 

Source: Huang and Rein [50], CC BY. 

Because the large convective heat losses on the free surface caused by wind 

can limit the local smouldering process, the lateral spread rate next to the free 

surface becomes slower or even ceases. The difference in the lateral spread rate 

with depth eventually leads to the formation of overhang, because the peak spread 

rate is located where heat losses and oxygen supply are optimally balanced below 

the surface, as explained by Huang et al. [53]. 

Table 1.1 summarises the available data on lateral smouldering spread rate 

gathered from different sources found in the literature. The soil samples 

originated from boreal and tropical climate regions. The boreal peat soil is formed 

from low growing vegetation (mosses, herbs, shrubs and small trees) and the 

tropical peat soil is formed from the remains of the highly productive rainforest 
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trees (branches, leaves, roots and trunks) [54]. However, the different origins do 

not have a significant effect on the spread rate, probably because they have a 

similar organic content. Table 1.1 also shows that the lateral spread rate strongly 

depends on the MC, especially for MC less than 20%. The pattern of this behaviour 

can be seen in Figure 1.6. In general, the influence of soil depth on the lateral 

spread is found to be small, compared with the drastic decrease of smouldering 

spread as MC increases up to 20%. By considering the wide range of possible MC 

in peatlands, from 10% under drought conditions to well in excess of 300% under 

flooded conditions, the results show a generally slow lateral spread of peat fires 

(3.1 ± 1.1 cm h–1 on average) unless MC is extremely low. 

Table 1.1. Data on lateral spread rate of smouldering taken from literatures. 

MC 

(wt% in dry 

base) 

Density 

(kg m–3) 

Depth 

(cm) 

Sample 

origin 

Study scale Lateral 

spread 

rate 

(cm h–1) 

Source 

5–10 136 0–8 Boreal Laboratory 

measurement 

21.5 ± 1.9 [53] 

5–10  2.5–10 16.6 ± 1.2 [55] 

25 116 ± 9 0–5 4.3 ± 0.9 [56] 

50 ± 5 163 0–8 3.6 ± 0.4 [53] 

100 ± 5 171 0–8 3.6 ± 0.3 [53] 

100 80 ± 7 0–5 2.6 ± 1.1 [56] 

150 62 ± 5 0–5 2.1 ± 0.6 [56] 

90–150  0–20 Tropical Field 

observation 

3.8 ± 1.4 [51] 

130–150  20–50 1.3 ± 0.6 [51] 

Average of all spread rates 3.1 ± 1.1  

 

 
Figure 1.6. Data of lateral spread rate of smouldering as a function of moisture content 

(MC) for the values in Table 1.1. 
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The other mode of spread, namely the in-depth spread, ranges from 0.5 to 2 

cm h–1 [3]. The accumulation of ash on top of the smouldering front limits the 

oxygen supply and slows down the spread. Huang and Rein [3] studied the in-

depth smouldering spread using boreal peat with MC up to 70% using both 

experimental and computational approaches. It was found that the in-depth 

spread rate decreases significantly with both depth and density. However, it was 

reported for the first time the counterintuitive fact that the downward spread rate 

increases substantially with moisture. This goes against previously observed 

trends for the lateral spread of the same peat [53] and other peat types [56]. The 

in-depth spread rate is fundamentally a rate of fuel consumption (or burning), and 

it increases with MC because of the volume expansion of the peat when it absorbs 

water, which reduces the density of organic matter. Numerical simulations further 

confirmed that if the peat MC was well below the critical MC of extinction (up to 

250%), the in-depth spread rate is controlled by the oxygen supply and the rate of 

burning. When the peat MC approaches this critical value of extinction, the in-

depth spread becomes slower [48]. The in-depth spread process and the extinction 

limit are particularly important to predict the depth of burn (DOB), which controls 

the total carbon emission per unit area from a peatland fire. DOB from peatland 

fires has been reported to be between 1 and 51 cm on average (Table 1.2). However, 

field observations revealed small number of cases where DOB can be as deep as 

1.1 m, which can be caused by ignition of tree trunks and roots that enabled fires 

to propagate deeper into the peat layer [13]. 

In peatland fires, the high degree of heterogeneity affects the 

multidimensionality of the spread pattern. The vegetation and microtopography 

of the peatland’s surface play an important role in the lateral propagation patterns, 

as has been suggested by several post-fire studies on burn patterns [2,57,58]. 

Overall, the fire behaviour is governed by the spatial variation of organic soil 

properties at fine and large scales. Figure 1.7 shows a high spatial variability of 

surface peat MC in a blanket bog in Ireland. This high variability is linked to the 

distribution of vegetation [59]. 

The surface spatial variation of peat conditions affects the fire spread 

behaviour in a lateral direction, and has a range of local impacts on the soil and 

the ecosystem. Studies in boreal and temperate peatlands have reported the 

irregular distribution of surface peat consumption following smouldering fires [60] 

(Figure 1.8). 
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Figure 1.7. An example of the spatial distribution of peat moisture content (MC) in a 

quadrat of 150 × 150 cm of a surface of a drained blanket bog from Ireland. The contour 

line interval is 50% MC. Contour lines nearby indicate sharp gradients of MC. Black 

points indicate data points where MC was measured with a moisture sensor. 

Measurements were taken during a drought season. Source: Prat-Guitart et al. [59]. 

 
Figure 1.8. Soil surface 24 h after a smouldering fire event: the 2015 Wicklow Mountains 

National Park Wildfire, Ireland. Surface consumption (charred areas) is irregularly 

distributed. Photo: Ecological Modelling Group, University College Dublin. 
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Figure 1.9. Photographs of adjacent forest stands from the July 2006 Rothiemurchus peat 

fire in Scotland, UK. (Left) Stand not affected by the fire showing the trees and the peat 

layer. (Right) Stand of trees trunks charred by the flames and the soil consumed by 

smouldering fire to a peat depth of 0.5 m. Photos: G Rein, CC BY licence, also found in 

Rein et al. [11]. 

Figure 1.9 shows field observation after smouldering fires during the July 

2006 Rothiemurchus peat fire in Scotland [11]. It was observed that many 

smouldering pan-shape voids were formed around forest stands and single trees 

all over the burned area. These were formed by the consumption of large masses 

of soil in approximately circular areas 0.5 to 3 m around the tree bases, exposing 

the mineral soil layer beneath. It was observed that soil consumption decreased 

with distance from the tree bases [2]. This dependence of soil consumption on 

distance has been observed in other smouldering fires [60,61]. The most plausible 

explanation for this is that of moisture distribution. Near the bases of trees, the 

crown cover intercepts the rainfall, preventing some of the water reaching the 

ground, and roots are actively drawing up water, ultimately resulting in decreased 

soil moisture and faster lateral smouldering spread. When an approaching 

smouldering front reaches the outer edge of a root system, the fire spreads faster 

along the direction of the roots towards drier soils. Upon reaching the tree base, it 

then spreads radially from it creating the circular pattern illustrated in Figure 1.9. 

When trees and roots are close together as part of a stand, the resulting pan-shape 

voids join and form a continuous void pattern. 

Table 1.2 summarises the burnt area, depth of burn, carbon emission flux 

and total carbon emitted from different peat fires reported in the literature 

between 1983 and 2015. In general, boreal peat fires have a lower carbon emission 

flux compared with tropical peat fires, represented as well by the lower average 

burnt area and depth of burn of boreal peat fires than tropical. Averaging the data 

from all the peat fires, the burnt area, depth of burn, carbon emission flux, and 

total carbon emitted are 2122 km2, 39 cm, 14.3 kg-C m–2 and 841.7 Mt-C, 

respectively. The maximum values for those four variables are 24 410 km2, 51 cm, 

44 kg-C m–2, and 2570 Mt-C. The highest values are from an Indonesian peat fire 
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event in 1997 [12], except for the highest carbon emission flux, which resulted from 

the Lateral West fire in the USA in 2011 [62]. 

 

1.3. Thermal Severity on Soils 

Peatland fires have a much higher impact on soils than flaming fires which 

mainly consume the surface vegetation (i.e. litter, tree branches, forest canopies 

and grass) and only heat up the soil superficially. Even though the flame 

temperature and heat release rate are quite high, the residence time of the flames 

is short (~15 min max) and only at the surface level. This causes a minimal heating 

of the soil up to a few centimetres below the surface. Peak temperatures reach 

300°C at very superficial layers (<10 mm) and less than 80°C at depths below 40 

mm [63]. Figure 1.10 shows the comparison of temperature residence time 

between smouldering and flaming fires. For example, in flaming fires, 

temperatures of around 100°C in soils only persist for no more than around 30 min, 

while in smouldering the same temperature could last for ~2 h. Flaming surface 

heating therefore has relatively small impacts on the soil and its flora and fauna 

[64–73]. 

Beside the thermal residence time, the ability of fire to spread underground 

and affecting wider soil mass significantly influence the thermal severity on soil, 

such as the case in peatland fire where the fire can spread up to ~51 cm depth 

mainly due to the extent of the natural fuel bed deposit. A lesser soil thermal 

severity than peatland fire can be expected in smouldering fire of surface fuel 

vegetations that survive after flaming wildfire (residual smouldering), logging 

slash leftover, or surface fuel collapse after a blowdown or avalanche. Smouldering 

on this kind of fuels might resulted in longer thermal residence time than flaming 

fire, but can also be expected to be shorter than organic soil smouldering. The 

shorter thermal residence than smouldering organic soil might be due to the 

exposure of convective heat loss to the surface fuel piles. 

Table 1.2. Data available in the literature of peat fire events and their footprints. 

Peat type Fire location & year 

Burnt 

area 

(km2) 

Depth of 

burn 

(cm) 

Carbon 

emission flux 

(kg-C m-2) 

Total carbon 

release (Mt-C) 
Source 

Tundra 
Anaktuvuk River, Alaska, 

USA, 2007 
1039 6 ± 1 2 ± 0.4 2.1 [74] 

Boreal 

Rosie Creek, Alaska, USA, 

1983 
28 13 4.3 0.1 [75] 

Granite Creek, Alaska, 

USA, 1987 
200 9 1.5 0.3 [75] 

Porcupine, Alaska, USA, 

1990 
117 11 1.3 0.2 [75] 

Tok River, Alaska, USA, 

1990 
400 10 2.5 1 [75] 

Dry Creek, Alaska, USA, 

1993 
1 12 2 0.01 [75] 

Hajduko Vich Creek, 

Alaska, USA 1994 
89 26 7.6 0.7 [75] 
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Western Canada, Canada, 

1980 to 1995 
1470±59 N/A 3.2 ± 0.4 4.7 ± 0.6 [76] 

Tetlin, Alaska, USA, 1996 27 26 2.8 0.1 [75] 

Russia (71%) & North 

America (29%), 1998 
17900 N/A 0.1 to 1.2 290 to 383 [77] 

Patuanak forest fire, 

Western Canada, Canada, 

1999 

N/A 5 to 10 2.2 ± 0.5 N/A [78] 

Frostfire, Alaska, USA, 

1999 
9 9 0.9 ± 0.9 0.01 [75] 

Donnelly Flats, Alaska, 

USA, 1999 
76 3 1.8 ± 1 0.1 [75] 

Unnamed, Saskatchewan, 

Canada, 1999 
2 N/A 2.2 ± 0.5 0.01 [75] 

Southeast Slave Lake 

wildfire (Pristine), Alberta, 

Canada, 2001 
1050 

7 ± 1  2 ± 0.5 N/A 

[79] 
Southeast Slave Lake 

wildfire (Drained), Alberta, 

Canada, 2001 

19 ± 3 16.8 ± 0.2 N/A 

Chisholm, Alberta, Canada, 

2001 
1160 N/A 2.1 ± 0.4 2.4 [75] 

Burntwood River, 

Manitoba, Canada, 2003 
26 6 1 0.03 [75] 

Kasabonika, Ontario, 

Canada, 2003 
820 9 1.6 1.3 [75] 

Thompson, Manitoba, 

Canada, 2004 
426 11 2.2 0.9 [75] 

Dawson City, Yukon, 

Canada, 2004 
174 11 2.2 0.4 [75] 

Wood Buffalo National 

Park, Northwest 

Territories, Canada, 2004 

520 5 1.3 0.7 [75] 

Utikuma Complex forest 

fire (peatland margins 

area), Canada, 2011 

0.05 42 ± 2 19.9 ± 2 0.01 [80] 

Experimental study. 

Sample collected from 

boreal bogs 

N/A 1 to 17 N/A N/A [81] 

Temperate 

Pocosin Lakes Wildfire, 

North Carolina, USA, 1985 
346 1 to 10 0.2 to 11 1 to 3.8 [82] 

Caringorms National Park 

afforested peatland, 

Scottish Highlands, UK, 

2006 

0.041 18 ± 2 9.6 ± 1.5 0.01 [2] 

Lateral West fire in the 

Great Dismal Swamp 

National Wildlife Refuge, 

Virginia, USA. 2011 

25 46 ± 18 44 1.1 [62] 

Tropical 

Indonesia, 1997  24410 51 ± 5 26 to 31.5 810 to 2570 [12] 

Indonesia, Malaysia, and 

Papua New Guinea, 2000–

2006 

N/A N/A N/A 128 ± 51 yr-1 [83] 

Kapuas, Central 

Kalimantan, Indonesia, 

2009 and 2011 

1100 2 1.3 14.3 [84] 
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Indonesian Peat Fire, 

southern Sumatra and 

southern Kalimantan, 

Indonesia, 2015 

8000 26 N/A 227 ± 67 [14] 

Jambi province, Indonesia, 

2015 
0.052 23 ± 19 13.4 ± 2.9 0.01 [85] 

Average of boreal fire events 1225 12 1.7 257.4  

Average of temperate fire events 124 8 8.2 1.9  

Average of tropical fire events 8378 43 28 1286  

Average of all fire events 2122 39 14.3 841.7  

Maximum value for all fire events 24410 51 44 2570  

 

 
Figure 1.10. Thermal fire severity of smouldering v. flaming fires measured as the average 

residence times above a given temperature threshold. The severity used in medical 

sterilisation for autoclave and dry heat are included for reference. Data from Rein et 

al.[11]. In Rein [25], CC BY. 

Compared with flaming wildfires in natural fuels, smouldering fires have a 

much more significant effect on soils. These effects cause a range of effects on the 

carbon stocks, biodiversity, and flora and fauna habitat. The changes to the soil 

produced by smouldering fires are driven by two factors: the residence time of high 

temperature and mass loss [25]. The thermal severity can be described by the 

temperatures reached in the soil and the residence time of this heating. This was 

quantified by Rein et al. [11] (Figure 1.10), where smouldering fires could result 

in temperature in the soils as high as 200°C for as long as 1–2 h. Figure 1.10 shows 

that smouldering fires lead to enhanced heat transfer to the soil for much longer 

durations (i.e. in the order of 1 h) than flaming fires and could exhibit peak 

temperatures as high as 500°C [11]. These thermal conditions are more severe 

than in medical sterilisation treatments, meaning that the soil is exposed to 
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conditions that are lethal to biological systems [11,86]. This concept of thermal 

severity from smouldering fires to soil is illustrated in Figure 1.11. This thermal 

condition could then affect deeper soil layers, involving loss of root systems and 

stability, flora and fauna habitat, and soil integrity. 

 

 
Figure 1.11. Thermal severity comparison between flaming and smouldering wildfires. Δt 

is residence time. Fibric, hemic, and sapric are terms used to define approximate 

decomposition degree of organic material (fibric is lowest, hemic is intermediate, and 

sapric is highest. Subscript sm and f refer to smouldering and flaming, respectively. Q 

refers to heat transferred to the soil. Modified from X. Huang, CC BY licence. 

1.4. Effects on soil properties 

Another important issue is the effect of smouldering fires on soil properties 

and constituents. Certini [87] reviewed the literature on the effects of flaming fire 

on forest soils, classifying the affected properties as physical, chemical or biological. 

In relation to smouldering fires, the most relevant physical properties are bulk 

density, stability and water repellency [67,68]. The changes in the bulk density of 

the soil left behind after a fire are due to the increase in porosity caused by the 

burning of organic particles in the soil. The changes in the structural stability are 

due to the decrease of soil compaction and the loss of cementing agents in the soil 

that can be in the form of organic and mineral components. The loss of structural 

stability is larger in smouldering fires than in flaming fires because the larger 

amount of soil mass lost and the deeper heating [67]. The removal of organic soil 

layers at the surface can lead to structural collapse and potential erosion of ashes 

and soil particles. Overhangs, holes in the ground and pan-shape voids around 

tree bases are commonly produced during smouldering fires and can lead to local 
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subsidence, threatening tree stability and disturbing hydrology dynamics [11]. 

Root systems in contact with smouldering peat can also be damaged, sometimes 

causing the death of the plant. These require a long-term recovery and severe soil 

subsidence. Without considering fires, subsidence in peat by drainage alone was 

typically around 2.5 m in 25 years and could be more than 5 m in 100 years [88]. 

The increase of water repellency is due to the formation of a continuous water 

– repellent layer a few centimetres beneath the surface. This water – repellent 

layer could be thicker in smouldering fires than in flaming fires because the 

organic layer is thicker in soils such as peat. The depth of the water-repellent layer 

is a function of heating, soil moisture and particle size [87]. Chistjakov et al. [89] 

briefly discussed the mechanism of water repellency in peat after fires based on 

the bitumen content, arguing that during smouldering combustion, bitumen 

condensed in the upper layer forming a water – repellent film. However, more 

recent studies of smouldering peat in Spain did not detected water repellency in 

the samples [24]. Whether or not water repellency takes place should be 

considered when restoring fire – disturbed peat via rewetting [90]. 

Dikici and Yilmaz [91] have reported that the alteration of soils properties by 

peat fires (i.e. density, pH, amounts of soluble salts, CaCO3, etc.) do not recover in 

the long term. On the other hand, Smith et al. [92] reported that peat fires resulted 

in a decrease of total carbon, nitrogen and organic phosphorus, but an increase in 

the concentration of phosphorus and total calcium content of the soil. In term of 

after-effects on soil constituents, the impacts of peat fire were reported to be more 

significant than surface fires. 

Generally, microbial and invertebrate biomass both decrease after fire [87]. 

The recovery of both soil organism and plant recolonisation are interdependent. 

The heat affects the recovery of soil organisms through the reduction of organic 

matter which is the source of organic residue, while the plants need soil organisms 

as biofertilizer which releasing required nutrients for plant growth [87]. Among 

the soil organisms, invertebrates recover more quickly than microbes because they 

are more mobile. The effect of MC on microbial biomass was investigated by 

Choromanska and Deluca [93]. The highest decline of microbial biomass was found 

to be after fires with the highest MC [71]. This is thought to be due to the faster 

heat transmission than in drier soil because water is a better heat conductor than 

air. The mosaic consumption of surface layers has an overall negative impact on 

the ecosystem. Fire reduces the accumulation of organic material, but some 

vegetation species (e.g. Sphagnum mosses in northern and temperate peatlands) 

can recolonize peatland by accessing water table and become less dependent on 

external water inputs [94]. Severe fire occurrence, though, can interfere with this 

recovery process, disturb peatland hydrologic self-regulation, and causing further 

drying; making peatland to be less protected from deep-burning smouldering fires 

[10]. 
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1.5. Conclusion 

Smouldering is the main driving combustion phenomenon for wildfires in 

organic soil. Organic soils, such as peat, store terrestrial carbon sequestered over 

millennia. Despite only covering 3% of the Earth’s surface, peatlands store 25% of 

world soil carbon. This is more carbon than that stored in global vegetation and 

may be equal to the atmospheric carbon pool. Thus, fires in organic soils release 

an enormous amount of carbon emissions, leading to a positive feedback 

mechanism driving climate change. Compared with flaming wildfires, 

smouldering wildfires pose more significant threats in terms of fuel consumed, gas 

emissions and their effects on the soil system. 

Smouldering fires reach deep into the soil system, making them difficult to 

detect and extinguish. This leads to a longer recovery time than flaming fires in 

terms of the overall soil system, causes severe soil subsidence, and has a negative 

impact on soil stability and hydrophobicity. The overall soil system includes 

microbial biomass, invertebrate biomass, and includes soil properties and 

constituents. From a thermal severity point of view, the slow spread rate and 

persistency of smouldering fires in peatlands leads to long retention times of 

hazardous temperatures in the soil system, resulting in soil sterilisation. The 

increased hydrophobicity of peatlands during and after fires also needs to be 

considered more carefully, because this knowledge could lead to more effective 

fires mitigation and peatland restoration strategies. Currently few literature 

investigated peat fires in the real scale and methods to effectively mitigate this 

fire. 

Furthermore, smouldering has been known to transition to flaming, causing 

a drastic increase in fire hazard and might contribute to wildfire reignition. 

Currently, the understanding of this phenomena is limited that the mechanisms 

and variables leading to this transition are unclear. Thus, fundamental 

understanding of this phenomena is needed and can be obtained by investigating 

the important variable that can facilitate this understanding. A review of 

literatures is needed to determine this important variable which then can be 

systematically studied in the laboratory. 

 

1.6. Thesis outline 

In this chapter, three problems on the mitigation of smouldering wildfires 

are identified: 1) the lack of understand of peat fire behaviour in field scale, 2) 

behaviour of smouldering peat fire under suppression, and 3) transition from 

smouldering to flaming in wildfires. Currently, most studies investigated 

smouldering peat fire at laboratory scale and small number of field studies are of 

forensics nature in which actual peat fires were observed with minimum 

systematic investigation [95]. Due to the limited systematic field-scale study [96], 

the behaviour of peat fire under real conditions and the identification of 
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prospective effective mitigation strategy are unclear. Thus, systematic field 

experiments of peat fire are of high value to better understand an effective 

mitigation strategy. In Chapter 2 of this thesis, GAMBUT: the largest to-date field 

experiments of peat fire conducted in Sumatra is reported. The fires in this study 

persistently survived during day and night, and despite two major rainfall events. 

Comparison between rainfall events that failed to suppress the fire and the 

successful controlled suppressions that were conducted to terminate the 

experiments allowed for the identification of variables that can be used as a 

guideline for successful suppression efforts. This variable is suppression column 

height. 

In Chapter 3 of this thesis, lab-scale suppression experiments were conducted 

to further systematically investigate the suppression of smouldering peat fire 

under different flow rate and wetting agent concentration. 

In Chapter 4 of this thesis, a literature review on the transition from 

smouldering to flaming combustion is presented. This chapter discusses the 

controlling mechanisms of transition to flaming. 

In Chapter 5 of this thesis, lab-scale experiments on the StF transition due 

to continuous and pulse wind are presented. This chapter discusses the 

fundamental mechanisms on the effect of wind on StF transition. 

In Chapter 6 of this thesis, conclusions on the context of mitigation of 

smouldering wildfire are presented.  

  



19 

 

Chapter 2  

 

GAMBUT field experiments on tropical peat fires in 

Sumatra: from ignition to spread and suppression 

 
Summary2 

Peat fires can sustain for long periods of time (weeks or months) and spread 

over a massive area (~104 to 106 m2), releasing large amounts of stored ancient 

carbon to the atmosphere, contributing to global warming self-acceleration, 

causing environmental damage and haze pollution episodes of regional scale. Peat 

is a plant material that accumulated and degrades over millennia and takes the 

same amount of time to be fully restored after consumed in a fire. Currently, fire 

mitigation strategies are hindered by fragments of literature on burning peatlands. 

Literatures on peatland fires are either of forensic nature at the field scale or of 

controlled nature at laboratory scale. This chapter presents GAMBUT, the largest 

to-date smouldering peat fire experiments on a degraded peatland with an area of 

374 m2. This work allows us to identify multi-scale signatures of the fire behaviour, 

which are key for novel suppression technologies, early detection systems, and 

modern forecasting technologies. Over 11 days, the temperature, spread rate, 

thermal residence, and visual and infrared signatures of smouldering peat were 

recorded. The peat was ignited by two methods, the application of burning charcoal, 

and slash-and-burn. The fires persistently spread over 4 to 10 days during day and 

night, and despite two major rainfalls with a water column height of 2.5 to 4.8 mm. 

Slash-and-burn ignition resulted in strong ignition at shallow layer indicated by 

maximum temperature of 700oC and smouldering residence time of 8.2 ± 7.8 h, 

while charcoal ignition resulted with strong ignition at deep layer with maximum 

temperature of 550oC and residence time of 16.8 ± 12.2 h. The horizontal spread 

rate is 0.7 ± 0.1 cm/h and the depth of burn is 25 cm in average. Comparison of 

failed suppression due to rainfall events to the controlled suppression indicate the 

existence of a critical suppression column height below which suppression is not 

possible. A minimum suppression column height in this study was measured to be 

26.5 ± 9.2 mm, agrees with results from lab-scale study ranged from 13 to 36.5 

mm, thus demonstrating the applicability of results from small-scale experiments 

in the literature to burning peatlands at field-scale. GAMBUT explores the 

smouldering of peat fire in real environmental conditions, scales, and precipitation, 

providing a unique understanding of these wildfires.  

 

 
2 This chapter is based on “Muhammad A. Santoso, Eirik G. Christensen, Hafiz M. F. Amin, Pither 

Palamba, Yuqi Hu, Dwi M. J. Purnomo, Wuquan Cui, Agus Pamitran, Franz Richter, Thomas E. L. Smith, 

Yulianto S. Nugroho, and Guillermo Rein. GAMBUT field experiments on tropical peat fires in Sumatra: 

from ignition to spread and suppression. (to be submitted)” 
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2.1. Introduction 

Different scale of experiment reveals different information about peat fire 

behaviours [95]. In micro scale, at the order of milligram sample, the fundamental 

chemistry of peat fires has been identified, revealing peat fire exothermic and 

endothermic reaction schemes [97,98]. In meso scale, at the order of gram to 

kilogram samples, the outputs are the fundamental dynamics of peat fire such as 

critical moisture content (MC) and inorganic content (IC) for ignition [47–49], 

horizontal and in-depth spread [3,53,56,99–101], gaseous emission [102–104], and 

suppression [105,106]. Currently the maximum characteristic length of laboratory 

meso scale investigation in the literature is 40 cm [81,99,100]. Although these 

investigations in the micro and meso scale provide fundamental understanding of 

peat fire behaviors, they were conducted in a simplified condition and constant 

laboratory environments compared to natural scenario where MC, IC, density, and 

environmental conditions changes over time. Thus, experimental evidence in the 

field scale are needed to link between understanding in the meso scale to the real 

peat fire events. 

Forensic field scale studies of peat fires have been previously conducted 

[12,14,51,85,107,108], investigating actual field scale peatland fires with 

minimum systematic in situ measurements. Only Pastor et al. [96] attempted to 

conduct systematic experiments in real peat land in Peruvian Andes, with each 

experimental area of 50 × 50 cm2. Even though the experimental location is in the 

field, the experimental size is as small as in the lab scale and only 3 out of 18 tests 

was registering temperature above 100oC in which only 1 recorded temperature 

up to 400oC. This indicates that the smouldering was weakly self-sustained and 

many were not successfully ignited. Thus, the required information to understand 

the actual behavior of real peat fire, surviving despite rainfalls and firefighting 

response, is still minimum.  

This paper reports GAMBUT, the experimental campaign of field scale 

tropical peat fires in which the largest to-date peat fire experiments were 

conducted to measure field scale peat fire behavior signatures in terms of 

smouldering temperature, spread rate, thermal residence time, fire area and 

perimeter, and critical column height for successful suppression. The location is in 

a secondary peat swamp forest (PSF) in Indonesia where the largest share of peat 

carbon in Southeast Asia is contained (65%, 57.4 Gt) and widespread peatland 

fires have been reported to occurred annually [109–112]. Secondary or degraded 

PSF is the result of disturbed pristine PSF by fire or human activities [113]. The 

experimental area is ranged from 0.2 × 0.5 m to 8 × 10 m area. The shortest and 

longest fires observed in this study were 4 to 10 days, respectively, up to controlled 

suppression. GAMBUT is the first to fill the gap to understand peat fires dynamics 

between lab and field scale. These experimental evidences can also provide peat 

fire behavior signatures in field scale such as spread rate and residence time to 
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predict peat fire propagation, surface signature of peat propagation under 

changing environmental conditions to enable early detection, and successful 

suppression criteria such as suppression column height to enable effective 

firefighting response. 

 

2.2. Experimental Method 

2.2.1. Field sites and experimental plots 

The site of the experimental work was in Rokan Hilir regency, Sumatra, 

Indonesia. The site in this study is a secondary/degraded PSF mostly covered by 

palm trees, ferns, and sedges, and closely located with an artificial pond (Figure 

2.1). While some work has focused on the increase rates of methane and CO2 

emission from a degraded peatland, little is known about its fire behavior 

[114,115]. This work aims to fill the gap on the soil properties and fire behavior of 

a field-scale degraded PSF. 

The experiments were conducted from 19 August to 29 August 2018. The 

location of this site generally has a tropical wet climate with mean annual rainfall 

at 2080 mm [116]. Drought season occurs in June and July with monthly rainfall 

at ~85 mm, and started to increase in August then peaked in November at about 

300 mm [116]. From the climate data in the last five years, from 2013 to 2017, the 

mean daily rainfall in August is 6.5 mm which started to increase during the last 

of August with maximum at 117.2 mm [117]. These rainfall data allowed the 

approximate determination of the experimental dates to intersect with the start 

of rain season, enabling the investigation of the effect of rainfall on smouldering 

peat fire. The average temperature in August is 27.4 oC with minimum at 23.4oC 

and maximum at 33 oC, in the last 5 years [117]. 

 
Figure 2.1. Site and experiment plot area location showing top view of the site taken by 

drone and the plot area location inside the red rectangle in the secondary peat swamp 

forest in Rokan Hilir, Sumatra, Indonesia (1°36'17.1"N 100°58'30.5"E) (Image from YS 

Nugroho, CC BY). Inset shows site location in Sumatra island (public domain license, 

source: republikseo.net). 
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Peat fire experiments were conducted in three 10 by 10 m experimental plots 

(Figure 2.2A). Fire breaks were made by digging a trench of 50 cm wide and 50 cm 

deep which were filled with sand, around the perimeter of each plot. This fire 

break prevented fires spread outside the experimental plot. Plot surfaces were 

cleaned from palm trees, ferns, sedges, and surface litter vegetation, except plot 1 

where surface litter vegetation was kept intact to study the effect of surface litter 

vegetation on the fire spread (Figure 2.2B). The topography of the experimental 

plots shows a significant elevation difference of ~1 m between south and north 

sides. This topography difference influences the decision on pre-experiment 

sampling location to investigate the peat properties (black circles in Figure 2.2A) 

and on the location of ignition attempts. See also Figure A 2.1 in Appendices. 

 
Figure 2.2. (A) Top view of the three 10 by 10 m of experiment plot area after surface 

treatment to cut and clean surface vegetation (palm trees, reeds, sedges, and grasses) 

(Image from YS Nugroho, CC BY). Black circles represent sampling locations for bulk 

density, MC, IC, and C/H/N measurements, taken at four different depths, 0 to 10 cm, 10 

to 20 cm, 20 to 30 cm, and 30 to 40 cm. Horizontal dashed line at the middle of the plots 

is an imaginary line to divide between north and south sides of the plots (B) The difference 

of surface treatment between plot 1 where surface litters vegetations kept intact and other 

plots (plot 2 and 3) where surface litters vegetations were also removed. 

2.2.2. Peat properties 

Pre-experiment peat sampling was conducted to measure bulk density, 

moisture content (MC), elemental content (C/H/N), and inorganic content (IC). The 

locations of the sampling are shown in Figure 2.2A and were chosen based on the 

topography difference between north and south sides of the plots (Figure A 2.1B 

to D). Thus, sampling locations were determined to investigate peat properties 

variations due to topography difference. Samples were taken at four depths, i.e. 0 

to 10 cm, 10 to 20 cm, 20 to 30 cm, and 30 to 40 cm, by using a cylindrical container 

with dimension of 2.54 cm diameter and 10 cm long. These depths were chosen 

based on the average depth of burn of peat fire events recorded in the literature 

from 1983 to 2015 [118]. The samples were immediately weighed to measure the 
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wet bulk density (𝜌𝑏,𝑤𝑒𝑡). Volumetric moisture content (VMC) was measured by 

Delta-T SM150T soil moisture sensor probe with an accuracy of ±3%. Using the 

measured bulk density, then the dry-mass-based moisture content (MC) is 

calculated by using Eq. 2.1 where 𝜌𝑤 is water density of 1 kg/m3. After the bulk 

density was measured, another small sample of ~10 g was taken and sent to Exeter 

Analytical (UK) Ltd. to measure the C/H/N content using CE440 Elementa 

Analyzer. The rest of the sample was then used for the measurement of IC by 

means of Loss on Ignition (LoI) method by burning the sample in a furnace with 

temperature set at 1000oC. Prior to the LoI test, the sample was dried in an 80oC 

oven for 48 h. The dry sample then heated in the furnace until no mass loss was 

detected, obtaining IC in dry mass basis. 

 

𝑀𝐶 =
1

𝜌𝑏,𝑤𝑒𝑡
𝑉𝑀𝐶.𝜌𝑤

−1
 (2.1) 

 

 

2.2.3. Fire area and ignition methods 

During this work, smouldering of peat was measured for 11 days across 

different diurnal weather patterns and precipitation. Six peat fire experiments 

were conducted with different ignition methods, surface treatment of the plots, 

and topography. Figure 2.3 shows the six fire experiment areas, noted as plot 1 

north (P1N), plot 1 south (P1S), plot 2 north (P2N), plot 2 south (P2S), plot 3 north 

(P3N), and plot 3 center (P3C). In this experiment, fire in north and south sides of 

the plots were well separated and did not spread into each other. Ignition methods 

are charcoal ignition and slash-and-burn. Charcoal ignition was attempted by 

putting burning charcoal, which had been ignited using gasoline and left to burn 

for 10 min, into an ignition pit. This ignition attempt was conducted in P1S, P2S, 

and P3C fire area to observe smouldering behavior under strong ignition in deep 

layer. There are three ignition pits in P1S each with dimension of 0.5 × 0.2 m2 and 

0.2 m deep, while ignition pits in P2S and P3C were 6 × 0.2 m2 and 0.2 m deep and 

0.5 × 0.5 m2 and 0.4 m deep, respectively. A total of 9.3 kg, 70 kg, and 16 kg of 

activated charcoal were put in ignition pits in P1S, P2S, and P3C, respectively. In 

P3C, the charcoal ignition was aided by additionally burning 500 mL of gasoline 

in the ignition pit, resulted in strong flaming combustion with about 1.5 m flame 

height for ~15 min. The longest self-sustained smouldering peat fires is charcoal-

ignited peat fires on the south side of plot 1 (P1S, Figure 2.3) which lasted for ten 

days. Figure 2.4 shows the chronology of peat fires test in this study. 
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Figure 2.3. Schematic of fire area and different ignition methods conducted in this study. 

The experimental area were designed to study different ignition methods, surface 

treatment, MC, and bulk density on smouldering peat fire. 

 
Figure 2.4. Chronology of peat fires experiments from ignition to suppression attempts (D 

= day). Black, red, green, and blue circles represent peat fires ignited by charcoal 

combustion, peat fires ignited by slash-and-burn, incident of rain event, and suppression, 

respectively. 

Figure 2.5 and Figure 2.6 show charcoal-ignited smouldering peat in P1S and 

P3C two days after their ignition. On D3, the smouldering area of each three pits 

in P1S were increased significantly from 0.1 m2 of pit area before ignition to 0.42 

m2, 0.6 m2, and 0.5 m2 for pit 1, 2, and 3, respectively. While in P3C, the area 

increased from 0.25 to 0.46 m2 in two days. The smouldering area is estimated by 

analyzing infrared image which will be discussed in a later section. These 

increases in smouldering area indicate self-sustaining smouldering. The charcoal 

ignition in P2S resulted in unsustained smouldering propagation shown by the 

absence of increase in smouldering area (Figure 2.7B). Further, during digging on 

D12 prior to experiment termination, no hotspot was found under the layer of ash. 

Thus, both horizontal and in-depth smouldering spread were unsustained. 

Possible explanation to this unsuccessful ignition is heat loss in P2S was higher 

than P1S and P2C due to larger ignition pit area in P2S. The larger ignition pit 

area in P2S resulted in the open top area of P2S to be as high as 5 to 12 times than 

of P3C and P1S, causing higher convective heat loss to the ambient air. 
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Figure 2.5. Charcoal – ignition pits in P1S fires area. Refer to Figure 2.3 for the full 

schematic of the experiment locations. (A) The schematic of location and dimension of 

ignition pits in P1S fires area. (B) Ignition pits top view image on D3. In each image, a 

geo-reference plate with known dimension (17 cm by 14 cm) is included for geo-referencing 

and to calibrate the IR images to estimate the increase of smouldering spread area. 

 
Figure 2.6. Charcoal – ignition pit in P3C fires area. Refer to Figure 2.3 for the full 

schematic of the experiment locations. (A) The schematic of location and dimension of 

ignition pit in P3C fire area. (B) Top view of ignition pit on D6. 

 
Figure 2.7. Charcoal – ignition pit in P2S fires area. Refer to Figure 2.3 for the full 

schematic of the experiment locations. (A) The schematic of location and dimension of 

ignition pit in P2S fires area. (B) Perspective view of ignition pit on D5. 
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Slash-and-burn ignition was conducted in P1N, P2N, and P3N by burning 

slashed dried tree branches, palm tree leaves, sedges, and litters put together in 

a pile with dimension of 8 m length, 1 m wide, and 50 cm high. Most of the 

occurrences of smouldering megafires in peatland were due to uncontrolled 

smouldering spread during the attempt to convert peatland for agricultural 

purpose [9]. During this land-use change process, the peatland was cleaned by 

cutting down and burning the native vegetations, hence the name slash-and-burn, 

as the cheapest way to prepare the land for a more economically beneficial 

plantation. Around every couple years, e.g. ~three years, this land conversion 

activity resulted in regional scale pollution called haze driven by smouldering peat 

fires made worse by a longer and warmer drought season due to El Nino [12,14,27]. 

The purpose of slash-and-burn ignition conducted in this experiment is to observe 

the spread of smouldering peat fires due to the ignition method that has been 

recorded to cause uncontrolled widespread of peat fires. The pile of slashed 

vegetations were put at the north-side edge of P1N and P3N, and at ~3 m from the 

north-side edge of the P2N (Figure 2.3). Slash-and-burn was conducted on the 

north side of the plots to ignite smouldering by means of a strong ignition source 

since the MC and bulk density of the north side of the plot was found to be 

significantly higher than the south side (Table 2.1). All slash-and-burn ignitions 

resulted in self-sustained smouldering propagation (Figure 2.4). Figure 2.8 shows 

the slash-and-burn ignition in P1N on D5. 

 

Figure 2.8. Slash-and-burn ignition in P1N on D5 (Photo by YS Nugroho, CC BY license). 

The surface vegetation was not removed which resulting in flame spread beyond the 

biomass pile and ignited the peat. The sand line between P1N and P1S was put to ensure 

that the strong slash-and-burn ignition in P1N not spreading into P1S. Such line was not 

introduced in plot 2 and plot 3 since the slash-and-burn ignition in P2N and P3N were 

not as intense and wide as P1N. 
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2.2.4. Diagnostics methods 

Thermocouples were used to measure smouldering temperature and spread 

rate. Due to the uncertain smouldering propagation direction, thermocouples were 

placed on certain points based on visual observation and the likelihood of 

propagation direction. To obtain spread rate data, two thermocouple points were 

located at known distance, i.e. 15 cm. Each thermocouple point contains two 

thermocouples at 10 cm (shallow layer) and 30 cm depth (deep layer). See Figure 

A 2.2 in Appendices for thermocouples placement. As smouldering progressed and 

passed a thermocouple point, the thermocouples were then moved to a new 

location, if the thermocouples were not burnt. The thermocouple points shown in 

Figure 2.11 are the total points of thermocouple placements at the end of the 

experiment. 

Infrared images were recorded using FLIR Duo-R camera, mounted on a 

crane with angle-adjustable hand in order to adjust the field of view of the camera. 

This crane was mounted on a rail to allow convenient IR signature measurement 

along plot 1, 2, and 3 (Figure 2.9A), on both the north and south sides of the plot. 

Figure 2.9B shows IR camera attached to the crane for IR image acquisition during 

the experiments. A geo-reference plate with known size (17 × 14 cm) was used to 

analyse smouldering area and perimeter from infrared image. Furthermore, depth 

of burnt (DOB) was measured by burying a metal pole (diameter of 2.5 mm) with 

geo-reference plate on top at several locations in the plot before ignition was 

conducted (Figure 2.11). The burial of the pole was up to the point that the plate 

at the level of surface layer of the plot. The diameter of the metal pole was chosen 

to be small, 2.5 mm, to not significantly disturb the density of the peat. The 

measurement of DOB was taken on D12 and found to be 25 cm in average. 
   

 
Figure 2.9. Methodology for acquisition of infrared signature from smouldering area in 

the plots (A) schematic showing the method of IR image acquisition across plot 1, 2, and 

3 (B) photo during experiment showing the crane and rail in the field during the 

experiments. 

A weather station was installed near the plots to measure ambient 

temperature, humidity, precipitation, and wind direction and magnitude. Figure 

2.10 shows the precipitation and summary of ambient temperature and humidity 

during the experiment. Five self-sustained smouldering peat fires in this 
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experiment were recorded to survive the two rainfall events on D6 and D9 (Figure 

2.4). Figure 2.10A shows the recorded rainfall events in term of rainfall rate on D6 

and D9. The maximum and minimum ambient temperatures were 35.9 and 21.6 
oC, respectively. The maximum and minimum ambient relative humidity were 98 

and 38 %. Considering that the difference between maximum and minimum 

temperature, and of ambient relative humidity, was 14.3 oC and 60 %, we have 

recorded smouldering peat fires propagation against relatively significant diurnal 

changes of environmental conditions, i.e. dry and hot (peak at ~14:00 western 

Indonesian time (WIT)) and wet and cold (peak at ~05:00 WIT). 

 
Figure 2.10. Weather condition during the experiments. (A) Two recorded rainfall events 

on D6 and D9 (B) Recorded ambient temperature and relative humidity from D1 to D12. 

WIT is Western Indonesia Time (GMT + 7 h). Day time is from 09:00 to 18:00 WIT and 

Night time is from 18:00 to 09:00 WIT. 

2.3. Results and discussion 

2.3.1. Peat properties  
The mass fraction of C/H/N of the north and south side of the plots are 

29.2±5.9%/6.8±4.9%/1.1±0.4% and 20.7±5.6%/2.7±1.3%/0.6±0.2%, respectively. 

Both sides have lower Carbon content than what is typically expected of pristine 

or degraded tropical peat forest which is ~55 to 60% [119]. IC of peat in this site is 

also considerably high, i.e. 52.7 ± 11.6 %, while IC of tropical peatland has been 

measured to be 3 ± 1.96 % [105]. This means that the peatland in our site has been 

considerably degraded. However, based on three established peat classification 

systems of International Peat Society (IPS), Canada Soil Survey Committee 

(CSSC), and International Organization of Standardization (ISO), the soil in this 

study can still be classified as peat because the IC is less than 70% and the organic 

content (OC) is more than 30% [7] (see also Figure 1.1). The average IC in this 

study is 52.1±11.9% in dry basis. Table 2.1 shows MC, wet bulk density, elemental 

analysis, and inorganic content measurements of the peat in this study, based on 

the sampling locations in Figure 2.2A and fire location index in Figure 2.3 (see 

also Figure A 2.3 for graphical illustration). 
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Table 2.1. Physical and chemical properties of peat in this study. Sampling location is 

referring to Figure 2.2A. 

Measurement 

Locations 

Measurement 

depth (cm) 

𝜌𝑏,𝑤𝑒𝑡  
(kg/m3) 

Moisture Content 

(% dry mass basis) 

Elemental analysis Inorganic 

content (%) C (%) H (%) N (%) 

P1N 0 to 10 

10 to 20 

20 to 30 

30 to 40 

1136 

1230 

1458 

1483 

150.9 

191.2 

153.3 

200.3 

33.73 

30.73 

25.97 

3.2 

16.46 

10.21 

0.88 

0.82 

0.62 

44.8 

23.6 

P1S 0 to 10 

10 to 20 

20 to 30 

30 to 40 

656 

766 

793 

879 

32.3 

39 

64.6 

78.2 

21.94 

23.81 

26.05 

2.43 

2.48 

2.11 

0.57 

0.55 

2.51 

63.5 

57.6 

54.9 

 

P2N 0 to 10 

10 to 20 

20 to 30 

30 to 40 

921 

934 

1243 

1389 

77.5 

231.8 

292.1 

458.0 

22.56 

34.77 

36.56 

3.86 

6.34 

6.67 

0.69 

1.69 

1.53 

49.5 

 

38.4 

P2S 0 to 10 

10 to 20 

20 to 30 

30 to 40 

714 

776 

890 

1037 

24.1 

41.0 

55.6 

54.7 

22.37 

17.89 

24.76 

2.66 

3.46 

5.39 

0.63 

0.5 

0.74 

53.2 

 

53.5 

P3N 0 to 10 

10 to 20 

20 to 30 

30 to 40 

737 

905 

1455 

1478 

91.9 

189.8 

126.1 

197.0 

23.22 

32.92 

22.21 

2.66 

3.38 

8.34 

1.09 

1.57 

0.61 

49.8 

 

55 

P3C 0 to 10 

10 to 20 

20 to 30 

30 to 40 

806 

925 

991 

988 

18.9 

27.3 

35.3 

50.9 

17.19 

14.2 

17.98 

1.81 

1.53 

1.96 

0.49 

0.4 

0.46 

71.2 

 

62.3 

 

2.3.2. Temperature 
2.3.2.1. Temperature profile 

Figure 2.11 shows smouldering propagation sketch at the surface of plot 1 on 

D5, plot 2 on D8, and plot 3 on D7. The sketch was made based on visual 

observation after slash-and-burn ignition. Widest and longest flaming spread was 

evident in P1N due to intact surface vegetations, causing flaming to spread farther 

than the initial piles of slashed vegetations. This caused the flaming to ignite 

wider smouldering than initial ignition location. Contrary to P1N, smouldering in 

P2N and P3N only ignited and propagated around the location of the initial slash-

and-burn location, even after 6 days of propagation. This also partly caused by the 

slow smouldering spread rate which will be discussed later.  
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Figure 2.11. Sketch of thermocouples placement and smouldering area after slash-and-

burn and charcoal ignition attempts. The picture on the right-hand side of the sketch is 

the aerial photograph of the fire area. (A) Plot 1 on D5 where slash-and-burn was 

conducted on P1N and charcoal ignition on P1S. Aerial photograph of P1N was taken on 

D7 (B) Plot 2 on D8 where slash-and-burn was conducted on P2N and charcoal ignition 

on P2S. Aerial photograph of P2N was taken on D8 (C) Plot 3 on D7 where slash-and-burn 

was conducted on P3N and charcoal ignition on P3C. Aerial photograph of plot 3 was 

taken on D7. For photo of smouldering area in P1S, P2S, and P3C fires area, refer to 

Figure 2.5B, Figure 2.7B, and Figure 2.6B, respectively. 

Thermocouples were placed on points that prospectively, based on visual 

observation, would capture smouldering spread, (Figure 2.11). Due to the high 

level of peat properties heterogeneity in lateral and in-depth orientations, e.g. MC 

and 𝜌𝑏 (Table 2.1 and Figure A 2.3), not all thermocouples captured smouldering 

spread. Figure 2.12 shows temperature in P1N from the day when slash-and-burn 

was conducted (D5) to the end of D8, with t = 0 h indicating 00:00:00 am of D5. 

This figure shows temperature at T3 and T6 where smouldering spread was 

relatively well recorded, represented by clear temperature growth, peak, and the 

start of decay. Smouldering in P1N was self-sustained until D11, however 

temperatures after D8 are not reported in this figure due to unclear smouldering 

propagation because of power cut on the night of D8 to the early morning of D9 

due to technical issue and on the night of D9 to the early morning of D11 due to 

heavy rain on the night of D9 (Figure 2.4 and Figure 2.10) causing the tent 

protecting the electrical sources to the measurement devices to collapsed, cutting 

off power supply to data loggers. Figure A 2.4 in appendices shows the 
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temperature in P1N up to D11 where technical issue and power cut are indicated 

by blank temperature data. These occurrences represent the difficulty of 

conducting smouldering field experiment in peatland forest where harsh 

environment and logistics management can be challenging. 

 

 
Figure 2.12. Example of temperature profiles in P1N, at (A) T3 and (B) T6 showing clear 

temperature growth, peak, and the start of decay, indicating smouldering propagation. 

See Figure A 2.4 for temperature profile of all TCs in P1N. Time at 0 h indicates 00:00:00 

am in D5. Slash-and-burn ignition was conducted on D5 at ~11:27:00. 

Overall, the measurement depths in this study, i.e. 10 cm (shallow layer) and 

30 cm depth (deep layer), well represents smouldering propagation, demonstrating 

peak at a typical strong smouldering in peat (~700oC) (Huang & Rein, 2019). 

Smouldering can be seen to propagate from shallow to deep layer represented by 

higher temperature at 10 cm depth than 30 cm depth (Figure 2.12 and see also T4 

and T5 in Figure A 2.4), except at T7 where stronger deep layer smouldering than 

at the shallow layer can be observed (Figure A 2.4). 

Overhang formation and collapse were mostly visible in this study (Figure A 

2.9A). Overhang formed due to slower smouldering propagation at the shallow 

layer than at deep layer of the peat (Huang et al., 2016). In this study the 

formation of overhang was compounded by surface vegetation at the shallow layer. 

The surface vegetation layer provided temporary stability on the soil due to its 

network of fibers. Because ignition was conducted on the surface layer, i.e. slash-

and-burn, the peat in this overhang was already burning as well (Figure 2.12). As 

smouldering continues to propagate deep below the surface, the surface vegetation 

was intact up to the point that it loses its stability and the burning peat in this 

overhang collapse onto the soil around the TCs, represented by abrupt 

temperature increase (see T7 at 10 cm depth at noon of D8 in Figure A 2.4). Close 

to overhang location, few occurrences of transition from smouldering to flaming 

were observed. The transition occurred once overhang cracked and releasing some 

of the pyrolyzate from deep layer. The flaming might be sustained for a time if 
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there was a surface vegetation or twigs on the overhang that was ignited by the 

transition. However, currently it was not possible to systematically investigate 

this occurrence in this field experiments since the key variables leading to 

transition are not yet identified. In Chapter 4, the key variables leading to 

transition that have been reported in the literature are identified, followed by 

systematic investigation of one of these key variables in Chapter 5. See also Figure 

A 2.9 for short discussion of overhang collapse and transition to flaming 

encountered during these field experiments. 

Rainfalls occurred twice during the experiments, on D6 and D9 (Figure 

2.10A). The average rainfall rate (rainfall depth) on D6 and D9 was 5.6 mm/h (4.8 

mm) and 8.3 mm/h (2.5 mm), respectively. Both rainfalls were not enough to 

extinguish the smouldering in this study as can be seen in Figure 2.12 for D6 rain. 

The smouldering was still propagated downward (at T3 and T6 in Figure 2.12) or 

vigorously survived at in-depth layer (T7 in Figure A 2.4). In average, the 

temperature in both P1N (Figure A 2.4) and P1S (Figure A 2.7) decreased for only 

1.7oC during this rainfall, while the temperature during this rainfall in P3N and 

P3C were not recorded because the TCs located as shown in Figure 2.11 were not 

captured smouldering spread, yet. Meanwhile, P2S was unsustained and P2N was 

not ignited yet. The effect of the second rainfall (on D9) on temperature, as has 

been mentioned previously, was unable to be recorded due to power cut. The effect 

of both rainfalls, including rain on D9, on smouldering will be discussed during 

the analysis of infrared image in the next section. Lin et al. [106] reported that the 

critical rainfall rate to extinguish peat fire is 4 mm/h, well below rainfall rate 

recorded here. However, successful suppression with 4 mm/h requires ~5 h of 

suppression, much longer than the rainfall durations reported here which are 50 

and 17 min for D6 and D9 rainfall, respectively. This implies a critical intensity 

(or flow rate) and duration for a successful suppression. Figure 2.12 shows that 

the smouldering peat fires in this study survived for about 1 to 2 days at one 

measurement point, indicating both a slow spread rate and a very persistent fire 

despite rain event and diurnal weather variation. 

Smouldering due to slash-and-burn ignition mostly propagated from shallow 

to in-depth layer (from 10 to 30 cm depth), except in P3N (Figure A 2.6). However, 

smouldering at T2 at 30 cm deep in P3N was weakly propagating, indicated by 

periodical increase up to 400oC followed by sharp decrease below 200oC (Figure A 

2.6). Thermocouple at T2 was located 15 cm from T1 (Figure 2.11C). A possible 

explanation is that smouldering was weakly propagating from T1 from T2. This 

weak smouldering propagation implied by shallow smouldering at T1 (10 cm depth) 

creeping to deep layer first at T2 (30 cm depth) before propagating to shallow layer 

at T2 (10 cm depth). This might be due to a less effective slash-and-burn since the 

surface vegetation litters were removed and relatively high MC in the north side 

of the P3N, ~200% initial MC at 10 and 30 cm depth (Table 2.1). Comparing MC 

between P1N, P2N, and P3N, also explains the weak smouldering propagation in 
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P2N (Figure A 2.5) in which the MC ranged from 230 to 460% at 10 to 40 cm depth 

(Table 2.1). In P1N, smouldering propagated relatively well showing peak 

temperature at ~700oC with initial MC ranged from 100 to 200%. 

Contrary to smouldering due to slash-and-burn, smouldering due to charcoal 

ignition was mostly stronger at deep layer compared to at shallow layer (Figure A 

2.7). Smouldering at T4 → T5 in P3C (Figure A 2.8) demonstrating a similar 

propagation to T1 → T2 in P3N (Figure A 2.6) where smouldering was creeping 

from shallow to deep layer at the adjacent location and then propagating upward 

to the shallow layer. The peak temperature in charcoal-ignited fire was at deep 

layer at ~550oC. 

 

2.3.2.2. Spread rate 

From both T1 → T2 (10 cm depth) in P3N and T4 to T5 (10 cm depth) in P3C 

(see Figure 2.11), horizontal smouldering spread rate was calculated to be 0.6 and 

0.8 cm/h, at isotherm of 300oC which is well above smouldering temperature 

(230oC [97]). The slight difference between these horizontal spread rate despite 

wide difference of initial MC, 135.9 ± 40.6% in P3N and 27.2 ± 6.7% in P3C (Table 

2.1), might be due to compounding effects of the degradation level of the peatland 

in this study (relatively low carbon content/high inorganic content) and high bulk 

density of the peat (Figure A 2.3B). These spread rates are in the lower range of 

values reported in the literature i.e. ~0.5 to 19.5 cm/h [56,120,121]. 

 

2.3.2.3. Smouldering Thermal Residence Time 

Thermal residence time is duration in which a location recorded temperature 

equal to or greater than a specified temperature. [11]. In this study, the threshold 

was varied from 200oC up to the peak temperature at a certain point, thus 

investigating smouldering residence time. This minimum temperature threshold 

is above peat pyrolysis temperature, i.e. 150oC, but below peat char oxidation 

temperature, i.e. 230oC [97]. The points included in thermal residence time 

analysis are the points in which temperature was demonstrating a clear 

temperature growth, peak, and decay at least to 200oC. 

Figure 2.13 shows thermal residence time of plot 1 and plot 3. Overall, the 

smouldering in this study sustained from a few hours up to 40 h at a single location. 

On average, smouldering from slash-and-burn ignition in P1N (Figure 2.13A), 

where the surface vegetation was not cleared, resulted in relatively stronger 

smouldering at the shallow layer than at deep layer. In contrast, smouldering in 

P3N (Figure 2.13B), where surface vegetation was cleared, demonstrated a weaker 

smouldering at shallow than at deep layer. This might be due to a less intense 

ignition on the surface than in P1N. However, the smouldering residence time at 

deep layer in P3N is relatively similar to the average of deep layer in P1N. This 

indicates that despite the less intense ignition on the surface, smouldering at deep 

layer can still have a relatively high severity once self-sustained. 
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Figure 2.13. Smouldering thermal residence time for slash-and-burn in A) P1N and B) 

P3N, and charcoal ignited fires in C) P1S and D) P3C. Clouds represent minimum and 

maximum range of the residence time. 

Smouldering due to charcoal ignition demonstrated stronger propagation at 

deep layer than at the shallow layer (Figure 2.13C). This might be due to the 

ignition method in which the burning charcoal was put in a 20 cm deep hole in 

P1S and a 40 cm deep hole in P3C, thus directly igniting the peat deep below the 

surface. The most severe smouldering was indicated to be in P1S where 200oC 

residence time was recorded to be as long as 40 h at maximum. This fire is also 

the longest self-sustained smouldering in this study (Figure 2.4). The surface 

smouldering propagation in this fire (Figure 2.13C) is also to be in the same order 

as those in P3N (Figure 2.13B) where weak slash-and-burn ignition was conducted. 

In contrast, the smouldering in P3C at shallow layer (Figure 2.13D) seems to be 

stronger that in P1S (Figure 2.13C), indicated by the higher residence time at 

higher temperature threshold. This might be due to the additional burning of 

gasoline aided the charcoal ignition. 
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Figure 2.14. Smouldering residence time, at 300oC, for fires in in P1N, P3N, P1S, and P3C. 

SNB and CI stand for slash-and-burn and charcoal ignition. Residence time in P2N is not 

possible to analyze because no thermocouple points captured clear temperature growth, 

peak, and decay (Figure A 2.5); while fire in P2S was not self-sustained.  

Figure 2.14 shows thermal residence time at 300oC temperature threshold 

indicating smouldering residence time. This figure shows that the most severe 

smouldering propagation occurred in P1S at deep layer due to in-depth ignition 

location of charcoal, resulting in average of ~17 h of smouldering at deep layer at 

1 point of measurement. The most severe smouldering at shallow layer occurred 

in P1N, with average residence time of ~7 h and maximum of ~21 h at 1 

measurement point. As surface vegetation was cleaned or ignition was conducted 

in-depth, smouldering at shallow layer was less severe (P3N and P1S). However, 

as the charcoal ignition was aided by burning gasoline, smouldering at shallow 

layer could be as strong as deep layer such as the case in P3C. 

 

2.3.3. Infrared signature 
Active fire area on the surface was calculated through infrared image 

analysis. The infrared image was converted to greyscale and the pixel location 

where the normalized intensity increases above an intensity threshold of 0.1 was 

marked (Figure 2.15). The area inside the marked perimeter line was then 

calculated to be the active fire area. The scaling from pixel to physical length was 

possible through the use of a steel plate with a known dimension (0.17 × 0.14 m2). 

Intensity threshold of 0.1 was chosen to identify the first pixel location where the 

pixel intensity started to steeply increased [99]. 
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Figure 2.15. Infrared image analysis to measure smouldering area and perimeter. 

Normalized pixel intensity threshold is chosen to be 0.1 to represent the point at which 

the intensity started to steeply increase, indicating the outer perimeter of smouldering 

area.  

Figure 2.16 shows the area changes on fires in P1S and P3C. In experiments 

ignited by slash-and-burn, i.e. P1N, P2N, and P3N, the active surface fire area 

changes are highly uncertain since the smouldering ignited on separate spot 

locations. Figure A 2.10 shows these spot locations and its propagation during the 

experiment. 

 

 
Figure 2.16. Smouldering area in P1S and P3C from infrared image analysis. Smouldering 

area in slash-and-burn fires resulted in patched smouldering spots as shown in Figure 

A10 for fires in P1N. The x-axis scale in time between P1S and P3C are different due to 

different time of ignition (Figure 2.4). Time at 0 h in each plots represent the time of 

ignition and the last data point represent infrared measurement before controlled 

suppression in D11 was conducted. 
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The active surface fire area in this study spread up to 1.4 m2 area and with 

perimeter up to 9 m (see also Figure A 2.11). The steadiest increase of the area is 

demonstrated in P3C since the charcoal ignition in this fire was aided by burning 

gasoline resulting in strong smouldering at the shallow layer, as previously 

discussed. In P1S, the area of the three ignition pits were fluctuating. These 

fluctuations were due to overhang collapse or extinguished char layer on the top 

surface layer covering smouldering char in deeper layer [50,53]. These 

extinguished char layer and overhang collapse cause the shape of the surface 

smouldering front to radically change, seemingly indicating decrease of the active 

fire area while the deep layer was still burning. This can be seen in Figure 2.17 

from t = 94.5 to 100.4 to 123.1 h when smouldering continuously propagated but 

the active surface fire area seems to be decreasing in some patches of the fire. In 

case of peat fire in a larger scale and with higher spread rate (~3 cm/h), the 

characteristic of spread on the surface can also be measured by means of metal 

poles grid, such as conducted by Usup et al [51] to measure spread rate of an actual 

peat fire event. 

After the first rainfall occurred on D6 (Figure 2.4), active fire area and 

perimeter in P1S decrease, except the area in ignition pit 2 of P1S. Despite these 

decreases, smouldering was not extinguished and still progressing well indicated 

by the detectable fire area and perimeter in the following days after the first 

rainfall event (Figure 2.16A). The area and perimeter in pit 1 and 3 of P1S 

seemingly stayed at 0.05 to 0.1 m2 and ~1 m (perimeter is in Figure A 2.11), 

respectively, which might be due to MC increase on the shallow layer. Ignition pit 

2 of P1S and P3C, however, seems to be the least affected by the rainfall. In the 

case of ignition pit 2 of P1S, it might be because pit 2 was relatively the most 

intense smouldering, in term of spread rate, compared to pit 1 and 3 as can be seen 

by the fire area comparison prior to rainfall. Thus, the low rate and short duration 

of rainfall was unable to affect the smouldering in pit 2. In the case of P3C, it 

might also be due to the burning gasoline in the ignition stage. 

The effect of rainfall on the extinction of smouldering at the shallow layer 

can be seen in Figure 2.17 showing drastic decrease of fire perimeter in pit 3 of 

P1S from t = 123.1 to 143.8 h. Further smouldering propagation can be seen from 

t = 143.8 to 197 h, showing that smouldering at the surface was weakly self-

sustained. This, however, is not implying that the smouldering at deep layer was 

also weakly survived since a self-sustained smouldering at the shallow layer with 

higher MC after rainfall should be supported by a strong smouldering in deeper 

layer, as also shown by Figure 2.13C in which smouldering residence time at 30 

cm depth in P1S was significantly longer than at 10 cm depth. 
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Figure 2.17. Smouldering spread propagation at the surface as can be detected by infrared 

camera on pit 3 of P1S from t = 46 to 237.1 h. Both rainfalls occurred at t = 125.7 h and t 

= 201.5 h, respectively. Controlled suppression attempt on this fire was conducted at t = 

244 h. 

The second rainfall occurred on D9 and with a higher rainfall intensity than 

the first (Figure 2.10A). This rainfall affected smouldering more than the first as 

can be seen by the decrease of fire area in P1S and P3C (Figure 2.16). Fire area 

and perimeter of pit 1 in P1S can be seen to be weakly increasing after this second 

rainfall. This increase, however, up to the range of fire area in pit 2 and pit 3, 

indicating that these three pits had the same intensity of deep layer smouldering. 

Thus, the two rainfall events occurred in this study, with rainfall depth (intensity) 

in the range of 2.5 mm (8.3 mm/h) to 4.8 mm (5.6 mm/h) for 17 to 50 min, are 

insufficient to suppress smouldering at deep layer but seem to have a more 

substantial effect on shallow smouldering spread. 

 

2.3.4. Suppression 
Suppression was conducted on D11 (Figure 2.4) with water spray and lance 

injection methods. Water spray suppression was conducted on P1N, P2N, P3N, 

and P3C, while lance injection method was conducted on the three ignition pits in 

P1S. Flow rate for water spray on P1N, P2N and P3N was 3,024 ± 18 L/h and on 

P3C was 4,878 ± 120 L/h, while for lance injection the flow rate was 1,669 L/h. The 

suppression was conducted by means of a fire hose and a fire pump. In case of 

lance injection suppression, the fire hose is connected to a lance injection device. 

The flow rate was measured by filling a container with known volume and noting 

the duration needed for the container to be fully filled at specified pump discharge 

pressure. Suppression was conducted for 1 h in P1N, P2N and P3N, and for 25 min 
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in pit 1 of P1S, 35 min in pit 2 of P1S, and 13 min in pit 3 of P1S. During 

suppression, a portable thermocouple was used to survey temperatures in the fire 

area, different to the fixed TC in Figure 2.11. After suppression, none of the 

surveyed points shown temperature above 50oC. The exact suppression duration 

was then estimated by the time since the suppression started to the point that 

temperature recorded by TCs in Figure 2.11 decreased below 50oC. Temperature 

of 50oC was chosen as a conservative threshold and has been detected to be low 

enough to avoid reignition [122,123]. 

Figure 2.18A shows that the successful suppression with water spray and 

injection agree with the critical suppression threshold obtained from a laboratory 

scale peat fire with reactor dimension of 20 × 20 cm and 10 cm depth reported in 

Chapter 3 of this thesis. The two rainfall events that were unsuccessful to suppress 

peat fires were below the critical threshold, indicating that the rainfall intensity 

and duration were too low and too short, respectively. The rainfall intensity of 

these rainfall was 5.6 and 8.3 mm/h, which is greater than the 4 mm/h indicated 

by Lin et al. [106] for successful suppression of smouldering peat fire in a reactor 

of 10 cm diameter and 15 cm depth. However, this minimum rainfall intensity 

needs to last for ~5 h, which much longer than rainfall events in this study and 

typical rainfall. 

 

    

Figure 2.18. Suppression duration and column height in this study. (A) Suppression 

duration and flow rate of water spray, lance injection, and rainfall events in this study. 

The dashed line represents critical suppression threshold from lab-scale experiment of 

smouldering peat fire suppression reported in chapter 3 of this thesis. (B) Suppression 

column height across the two suppression attempts, i.e. water spray and lance injection, 

and rainfall events. Dashed and solid blue lines represents the minimum suppression 

column height in Chapter 3 of this thesis and in Lin et al. [106]. 

Beside suppression time, the efficacy of suppression can also be expressed by 

suppression column height. It represents the flux of the suppression over a fire 

area. Suppression column height is calculated with Eq. 2.2, where �̇�𝑠  is the 
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suppression flow rate (L/h), Δ𝑡𝑠 is the suppression time (h), 𝐴𝑓 is the fire area (m2), 

and 𝐴𝑠  is the coverage area of the suppression method (m2). Values for these 

variables are shown in Table A 2.1. Since lance injection locally suppresses a 

smouldering hot spot, the suppression was conducted with an aid of an infrared 

camera to detect a local hot spot at which the lance was injected. As soon as the 

infrared camera did not detect any hot spot and portable thermocouple 

measurements shown no temperature more than 50oC, the suppression was 

stopped.  

 

𝐻𝑠 =
�̇�𝑠Δ𝑡𝑠

max(𝐴𝑓,𝐴𝑠)
 (2.2) 

 

Figure 2.18B implies that successful suppression occurred at a certain 

threshold of suppression column height, below which the suppression is not 

successful. In this study, the minimum column height resulted in successful 

suppression is 26.5 ± 9.2 mm from water spray suppression in P1N. This value is 

in the range of the minimum column height reported in literature, 13 ± 1.9 mm in 

[106] (10 cm diameter and 15 cm depth peat fire) and 36 ± 5 mm in Chapter 3 of 

this thesis (20 × 20 cm and 10 cm depth peat fire). Far below this range is the 

column height due to rainfall events resulted in unsuccessful suppression, i.e. 4.8 

and 2.5 mm. Suppression by lance injection method appears to be an inefficient 

method due to the high column height, indicating an excess use of water in order 

to obtain the suppression durations that are not far shorter than water spray. This 

low efficiency of lance injection has been implied previously in the suppression of 

smouldering coal by using pipe injection in [122] due to high run-off percentage. 

Considering the low efficiency of this method but the merit of attacking a local and 

in-depth hot spot, this method might be more suitable for mopping up residual in-

depth and patched smouldering spots after a large peat fire to avoid fire regrowth, 

with an aid of infrared visual.  

After controlled suppression methods were conducted on D11, a detailed 

survey of the plots was conducted on D12 to ensure that the smouldering in all fire 

areas were totally extinguished. This survey was conducted by digging the fire 

area to find any surviving char smouldering in-depth. The digging of the fire area 

was conducted up to the depth of the virgin peat layer. A small number of survived 

hot spots in deep layer was found and was covered by wet layers of ash and 

extinguished char. No gaseous emission and strong smouldering were found 

during this survey. After digging, the fire area was sprayed with water again to 

ensure no reignition will occur after the experiment was terminated. However, if 

the experiment was not terminated, the probability of that small number of hot 

spots to cause peat fires reignition is currently unknown. Thus, in the future, 

longer field experiment time is needed to confirm that the minimum suppression 

column height reported in Figure 2.18B resulted in no reignition probability. 
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2.4. Conclusion 

In this chapter, GAMBUT, the largest to-date peat fire experiments in 

Sumatra, Indonesia, is reported. The field experiments were conducted on a 

degraded peatland in which the smouldering fire survived from 4 to 10 days 

despite the diurnal environmental condition variations and rainfall events with 

intensity of 5.6 mm/h for 50 min and 8.3 mm/h for 17 min. Even though the 

inorganic content in the peatland was high, i.e. 36.3 ± 11% to 66.7 ± 6.7%, 

indicating an already high degree of decomposition, the risk of a persistent self-

sustain smouldering peat fire still exist. Smouldering propagation in this study 

was self-sustained despite initial MC of up to 200%. Horizontal spread rate was 

measured to be 0.6 to 0.8 cm/h at initial MC of 135.9 ± 40.6% and 27.2 ± 6.7%, 

respectively. This spread rate is in the lower range of values reported in the 

literature i.e. ~0.5 to 19.5 cm/h [56,120,121], that might be due to the level of the 

peatland degradation. 

Smouldering was found to propagate stronger at shallow than deep layer 

when a strong slash-and-burn ignition was conducted, with temperature up to 

~700oC. Without surface vegetation, smouldering spread in an area not far from 

the initial location of slash-and-burn, at least over the duration of experiment in 

this study. Smouldering was stronger in deep than shallow layer in fire area where 

ignition was conducted by filling pit with burning charcoals, with temperature up 

to ~550oC. Smouldering residence time in P1N following a strong slash-and-burn 

ignition was found to be 8.2 ± 7.8 h and 5.1 ± 5.07 h at 10 and 30 cm depth, 

respectively. At P1S, where the most severe smouldering was identified (due to 

charcoal ignition), the smoudering residence time was 2.1 ± 1.7 h at 10 cm depth 

and 16.8 ± 12.2 h at 30 cm depth.  

After rainfalls, infrared image analysis shows that the burning area was 

reduced by these rainfall events, as the water locally extinguished the fire. 

Following the decrease, however, the area and perimeter of the fire at the surface 

sustained until the controlled suppression attempts were conducted. This 

indicates that rainfall events might suppress the smouldering at the shallow but 

not at deep layer, implying that a successful suppression can be identified by a 

certain amount of column height in order for the water to reach smouldering at 

deep layer. In this study, the minimum column height resulted in successful 

suppression is 26.5 ± 9.2 mm, which is far above the column height of the two 

rainfall events, i.e. 4.8 and 2.5 mm. Agreement of suppression column height 

between field-scale conducted here and laboratory-scale in the literature implies 

that suppression dynamics studied in the lab-scale are valuable to provide ideas 

for better mitigation strategies. Relatively well agreement of minimum 

suppression column height between field and lab-scale experiments despite the 

large difference of the flow rate, thousands vs. tens L/h, respectively, suggesting 
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that the minimum column height is weakly influenced by flow rate, though further 

detailed study might be needed for validation. 

Results in this study represent quantified signatures of peat fires 

smouldering dynamics in the field in term of smouldering temperature, spread 

rate, thermal residence time, fire area and perimeter, and critical column height 

for successful suppression. These results can be used to develop effective detection 

and mitigation plans of peat fire response, and also raising new questions to be 

explored and understood at smaller scales such as smouldering propagation at 

various IC and MC due to slash-and-burn ignition, the effect of duration and depth 

of ignition on the self-sustain propagation of peat with high MC and IC, 

smouldering propagation in peat with variable IC in in-depth direction, the 

influence of fibrous fuel at the shallow layer on smouldering propagation and 

overhang formation, and different regimes of suppression column height that can 

result in failed, reignition, and successful suppression. 
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Chapter 3  

 

Laboratory study on the suppression of smouldering peat 

wildfires: effects of flow rate and wetting agent 

 
Summary3 

The application of water, or a mix of suppressant and water, to combat 

wildfires is one of the most common firefighting methods but is rarely studied for 

smouldering fires which are among the largest worldwide. Suppression 

experiments presented in this chapter were conducted by spraying suppressant to 

the top of a burning peat sample inside a reactor with 20×20 cm2 cross-section area 

and 10 cm depth. A plant-based wetting agent as a suppressant was mixed with 

water at three concentrations, 0% (pure water), 1% (low concentration), and 5% 

(high concentration), and delivered with varying flow (0.3 to 18 L/h). The results 

showed that suppression time decreased non-linearly with flow rate. The average 

suppression time for low-concentration solution was 39% lower than that with just 

water, while high-concentration solution reduced suppression time by 26%. The 

volume of fluid that contributes to the suppression of peat in these experiments is 

relatively constant at 5.7±2.1 L/kg-peat, despite the change in flow rate and 

suppressant concentration. This constant volume suggests that suppression time 

is the duration needed to flood the peat layer and that the suppressant acts 

thermally and not chemically. The minimum suppression column height identified 

in this study agrees well with previous field experiment, confirming that the 

column height due to rainfalls were not deep enough to reach deep layer of 

smouldering peat. The results provide a better understanding of the suppression 

mechanism of peat fires and can improve firefighting and mitigation strategies. 
  

 

 
3 This chapter is based on “Santoso MA, Cui W, Amin HMF, Christensen EG, Nugroho YSN, and Rein G. 

Laboratory study on the suppression of smouldering peat wildfires: effects of flow rate and wetting agent. 

International Journal of Wildland Fire. https://doi.org/10.1071/WF20117” 
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3.1. Introduction 

In order to further systematically study peat fire suppression, lab-scale 

experiments on the effect of suppression flow rate and wetting agent concentration 

on the smouldering peat were conducted. Large-scale peatland fires are subject to 

suppression efforts but typically only stop when the rainy season arrives, i.e. haze 

episode in 1997 and 2015 [12,14]. This illustrates the persistency of smouldering 

and the difficulty in suppressing such fires [25,105,106]. In pristine conditions, 

peatlands are naturally protected from burning because of their high moisture 

content, which can be up to 300% of dry-base mass in flooded condition [10,24]. 

Due to climate change and human activities, peatlands are drying in many places 

which increases the susceptibility of peatlands to fire [10,12]. 

 

3.2. Suppression efforts during peat fires 

Flaming wildfires spread fast [1,36], and pose a direct harm to lives and 

properties [124,125], thus are perceived to be more common in term of public and 

media attentions compared to smouldering wildfires. Hence, most firefighting 

techniques are developed for flaming wildfires. The same techniques are also 

employed to fight smouldering wildfires, incorrectly assuming that both fire types 

are similar. Techniques commonly used to suppress flaming wildfires include 

aerial attack by air tanker or helicopter, land attack by water with a hose either 

for flanking the flame front or mopping up residual smouldering fuel, removing 

vegetation for firebreaks, and backburn [126]. Land attack by water, aerial attack, 

and firebreak are commonly employed to fight smouldering peat fires as well. 

Different to flaming wildfires, firebreaks in smouldering fires can be done by 

removing the peat layer (not only the surface vegetation) by digging a ditch along 

the fire perimeter [2,11], or by reflooding the fire area by diverting water from 

nearest sources [127,128]. However, unique techniques have also been developed 

specifically to fight peatland fires. These techniques include soil compaction to 

reduce oxygen ingress underground [24] and water injection to directly attack the 

fire [122]. Another novel method developed to fight smouldering is by burying a 

cooling pipe [129]. Figure 3.1 illustrates several methods employed in the 

suppression of peatland fires, where a natural occurrence, i.e. heavy rain, is also 

included since it has been recorded to successfully suppress large peat fire [12,14]. 

The investigation of the suppression of smouldering peat fire due to rainfall has 

been investigated by Lin et al. [106]. They conducted laboratory scale experiments 

and varying the rainfall intensity, indicating that rainfall intensity of 4 mm/h for 

at least 5 h is needed to successfully extinguish peat fire. Another prospective 

method is by artificially inducing rain fall by seeding clouds with aerosol of dry ice, 

calcium chloride, calcium oxide, and kitchen salt, or by sending salt flares into the 

clouds [130]. These techniques increase the water density and make water particle 

in clouds to freeze. Recently, this technique has been adopted to fight peatland 
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wildfires in Indonesia [131]. This method might help in reducing hotspots and 

improving the air quality in the affected areas. 

 

 
Figure 3.1. Direct firefighting methods during peatland fires, including cooling and 

smothering. Cooling methods shown in this illustration are ground spray, aerial attack, 

and injection lance. Smothering method shown here is through soil compaction to remove 

the natural oxygen pipe network in the peatland soil. In addition, rain event, both 

naturally or artificially, is also illustrated. 

Due to the subsurface nature of smouldering fires, it is much harder to detect 

and to access the underground hotspots. As a result, an intuitive suppression 

approach might prove effective by directly channelling water into the subsurface 

hotspot with a water injection lance (Figure 3.1). This method allows a targeted 

attack of smouldering hot spots. The efficiency of this method has been 

investigated in the lab for smouldering coal fires [122] and in smouldering peat 

field experiments (Chapter 2), showing lower efficiency (more water required) than 

spray methods. 

Reflooding the peatlands by temporally diverting water stream or the 

municipal supply is generally effective by increasing the moisture content (MC) of 

the peat above the critical MC of smouldering [48,49], thus preventing further 

spread. Even though flooding requires large volumes of water, up to billions L of 

water, it has been shown to effectively suppress peat fires. Two examples are 

during the 2008 Evans Road Fire in North Carolina, USA, and the 2018 Lake 

Cobrico Peat Fire in Victoria, Australia. In the 2008 Evans Road Fire, up to ~7.5 

billion L of water were pumped from nearby lakes to reflood the peatland [132–

134]. This fire was declared to be extinguished 7 months after the fire started by 

a lightning strike [135]. In the 2018 Lake Cobrico peat fire, 4 km pipeline 

connected to the nearest municipal water connection was laid supplying ~65 

million L of water enabling the flooding of the fire perimeter [128]. This fire was 

extinguished after 2 months [127]. 

Beside firebreak by flooding the fire perimeter, fire breaks by fuel removal 

can also be considered in controlling peatland fire spread. However, this effort 

might not be effective if the peatland water table is very low [51,136] since the 
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peat layer can be very deep and the trench would need to be more than 5 m deep  

[9], causing this effort to be a tedious task. 

The deep subsurface spread of peatland fires is possible and is fed by oxygen 

diffusion deep below the ground due to porosity of peat [1].  Removal of the oxygen 

supply by compacting the soil has been suggested as an effective firefighting 

method, according to the investigation conducted during the 2009 smouldering 

peat fire in Las Tablas de Daimiel National Park, Spain [24]. However, this 

method requires heavy machinery and the access of such vehicles might be 

unavailable to peatlands due to their geographic location. In summary, compared 

to soil compaction and fuel removal, cooling methods are the most feasible to 

suppress peatland fires, including water spray, aerial attack, perimeter area 

reflooding, and injection method, but the question is how much water is required 

for a successful suppression. 

 

3.3. Suppressant agents to fight wildfires 

The suppression efficiency varies with the suppressant agents. The most 

utilized suppressants are water, firefighting foam, or mix of water and other 

suppressant. Sand can also be considered as a suppressant because it is inert and 

highly dense but is more difficult to transport. In field conditions, the suppressant 

agent can be applied through the use of handheld firefighting equipment, firetruck, 

or aerial fleets [126]. In utilizing firefighting agents, environmental safety is an 

important criterion. The development of environmentally friendly firefighting 

foams and agents and their effectiveness on both building and wildland fires have 

been investigated by several authors [137–142]. 

Foam suppression acts by smothering the smouldering by covering the 

surface of the fuel with the foam layer that prevents oxygen from accessing to the 

fuel. In addition to the smothering effect, foam layer is also cooling the surface of 

the fuel due to the water content of the foam solution. Ratnasari et al. [143] and 

Subekti et al. [142] investigated the suppression time of peat fires by using class 

A fluorine-based foam and palm oil fatty acid-based foaming agent (FAP) foam, 

respectively. Suppression time decreases with foam layer height while FAP foam 

performed poorer than fluorine-based foam. In another report, Rivai et al. [141] 

reported suppression times by applying various foam formulations derived from 

palm oil fat on 10 cm deep smouldering peat. Foam stability can be an issue 

because the foam will quickly disappear during the suppression effort. Since foam 

suppression relies on depriving smouldering of oxygen, once the foam disappears, 

it is no longer effective. This implies another difficult aspect of suppressing peat 

fires with foam since the required smothering holding time for smouldering can be 

days, weeks, or months. This is in contrast to flaming wildfires which might need 

hours [1] and flaming liquid fires which might only need minutes [140]. 
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The use of fluorine-based foam to suppress wildfires is currently 

controversial due to the environmental issues of per and poly-fluoroalkyl 

substances (PFAS) which are the main component of current commercial aqueous 

film forming foam (AFFF) [144–147]. There is also an indication that a long-chain 

PFAS, such as Perfluorooctanoic acid (PFOA), can increase hydrophobicity [148] 

which by itself is a problem after peat fires [149]. If peat becomes hydrophobic 

after suppression with fluorine-based foam, the restoration effort by rewetting 

might become ineffective, leaving the peatland vulnerable again to fires in the next 

drought. Due to the environmental issue of fluorine, alternative fluorine-free 

surfactants have been developed, including hydrocarbon-based foam [140], FAP 

foam [142], and fluorine-free wetting agent [139]. 

Smouldering peat fire suppression by means of water has been investigated 

by Ramadhan et al. [105] in 10 cm deep peat and Lin et al. [106] in 15 cm deep 

peat. Ramadhan et al. [105] reported a suppression time of ~65 min with ~12 L/h 

of water spray, while Lin et al. [106] investigated water spray suppression at 

variable flow rate in term of rainfall rate (mm/h). The critical rainfall rate required 

to suppress peat fires reported by Lin et al. [106] is 4 mm/h for at least 5 h. 

Wetting agents are substances that can reduce the surface tension of solid 

particles in a solid-liquid type suspension [150].  Contrary to foam that stays on 

the surface of the fuel, wetting agent can penetrate deep into the fuel. Due to their 

lower liquid surface tension, wetting agent solutions penetrate better into the soil 

than water, up to 68 times faster than water through forest ground surface fuel 

[139]. Peat fires can propagate in the shallow and deep layer of peat, leading to 

the subsurface spread. Thus, surfactant ability to access shallow layer and quickly 

reach deeper peat layer is an important property for suppression efficiency. While 

the effectiveness of foam on peat fire suppression have been investigated before, 

but no study has been conducted on the effectiveness of wetting agents on peat 

fires. In this study, we aim to fill this gap by performing laboratory scale 

experiments of peat fire suppression with both variable flow rate and 

environmental-friendly (fluorine-free) wetting agents. 

 

3.4. Experimental method 

In this study, sample preparation protocol followed that in [95,104]. A 

commercially available peat was used (Shamrock Irish Moss Peat, Bord na Mona 

Horticulture Ltd.) due to its homogeneous properties and batch consistency in the 

long term. The elemental content of the peat in dry-mass-basis was C/H/N/S of 

54.1/5.1/1.3/0.5%, with an inorganic content (IC) of 2.5 ± 0.6% [99]. In this 

experiment, MC of peat is around 100% (mass of water content over mass of dried 

peat). This MC is below the critical value for ignition of boreal peat when IC < 10% 

[48,49] and would represent drought peatlands [51]. Samples were prepared by 

oven drying peat at 80oC before adding water. The sample was mixed to ensure 
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homogenization and stored inside a sealed container for 24 h. Prior to the start of 

experiment, the sample was mixed well again. A subsample of 100 g was put inside 

an oven at 90oC for 7 h to measure the final MC [95]. The MC obtained in these 

experiments is 103 ± 6.8% which corresponds to 204.4 ± 8.90 kg/m3 of wet bulk 

density. A total of 19 kg of dry peat were used in all 49 experiments in this study. 

An open-top reactor with internal dimensions of 20 × 20 × 10 cm was used [53] 

where conditioned peat was deposited up to the rim. The reactor was built using 

ceramic insulation boards (k = 0.7 w/m-K, ρ = 310 kg/m3, cp = 1090 J/kg-K). The 

ignition protocol consisted of supplying 100 W for 30 min through an 18 cm coil 

heater mounted on one side of the reactor, which was 5 cm below the free surface. 

This ignition protocol is strong enough to initiate self-sustained smouldering in 

peat with MC < 160% and IC < 10% [104]. Figure 3.2a shows the schematic of the 

experimental setup. Measurements included in this experiment are mass loss 

(Mettler Toledo balance, resolution 0.01 g), visual and infrared (IR) imaging of the 

surface spread (GoPro and FLIR camera) and temperature-time histories using 

thermocouples (twelve K-type thermocouples (TCs) array, 3 rows × 4 columns 

[Figure 3.2b]). To avoid fluid built-up inside the reactor and to imitate suppression 

on deeper soils, holes were made at the bottom face of the reactor to allow fluid 

flow into a basin connected to a container (Figure 3.2a). At the end of each 

experiment, the volume of fluid in this container was measured and denoted as 

run-off volume (𝑉𝑜). The basin also prevented the access of air into the peat sample 

through the holes at the bottom face of the reactor, thus the smouldering depth 

was similar to the case without holes [53]. 

 

  
(a) (b) 

Figure 3.2. (a) Schematic of the suppression experimental setup showing the diagnostics 

using infrared and visual camera, mass balance, and measurement of run-off volume; and 

the voltage regulation of the diaphragm pump to adjust suppression flow rate, along with 

nozzle height. (b) Schematic of the reactor showing ignitor coil and thermocouple 

placement. Thermocouples are placed at the centre plane of the reactor. Smouldering 

spreads from left to right. Dimensions are internal and do not include the thickness of the 

insulation board. 
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An infrared camera was used to determine the timing for initiation of 

suppression. This was when the smouldering front arrived at the centre of the 

reactor such that the front was directly below the spray nozzle. Since infrared 

image only represents surface smouldering, the addition of mass loss 

measurements provides comprehensive monitoring to ensure the initiation of 

suppression was consistent across all experiments. Figure 3.3 shows that the 

average mass fraction at the initiation of suppression, i.e. to the arrival of 

smouldering front to the centre of the reactor, is 59.6 ± 1.66%. This is equivalent 

to peat mass loss of 40.4%. Average time at the start of suppression (𝑡𝑠𝑝) is 303.6 

± 49.3 min, across all 49 set of conducted experiments. At the time that these two 

criteria are met, i.e. front below the nozzle and 40% mass loss, resulting 

temperature of TC9 and TC10 were 400 to 550oC. This will be discussed further in 

Chapter 3.5. Smouldering was considered extinguished when all temperatures 

decreased below 50oC. This temperature criterion to identify extinguishment is a 

conservative value and has been used before in studies on smouldering coal [122]. 

Once this was achieved suppression was terminated and the suppression time was 

recorded. 

 

 
Figure 3.3. (a) Top view of smouldering front location at the initiation of suppression. Red 

line indicates average front location at the start of suppression from IR footage, i.e. 10.9 

cm, with standard deviation indicated by shade, i.e. ± 0.7 cm. (b) Average peat mass 

(normalized to initial value) (line) and standard deviation (shade). 

Three different suppressant mixtures were studied: 0% (only water), 1% (low 

concentration [LC]), and 5% (high concentration [HC]) concentration of fluorine-

free wetting agent by weight in water. The wetting agent is ColdFire, produced by 

FireFreeze Worldwide, Inc. (N.J., US). This wetting agent is a proprietary 

environmentally friendly formulation consisting of biodegradable anionic and 

nonionic surfactants, organic compounds and minerals that have been tested to be 

free of Perfluoroalkyl and polyfluoroalkyl substances (PFAS) [151]. This wetting 
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agent has liquid-to-air surface tension of 29.7±2.36 mN/m [139], ~2.5 times lower 

than water which has liquid-to-air surface tension of 72.02 mN/m [152]. Complete 

physicochemical properties of the wetting agent can be found in Rakowska et al. 

[139]. Due to the lower surface tension, the water that mixed with a surfactant 

has a better ability to wet or smeared over a surface, rather than stayed in a 

spherical shape of a water particle. 

Suppression flow rates (�̇�𝑠) were varied by adjusting both the height of the 

nozzle and the voltage supply to the pump (Figure 3.4). Parameters controlling the 

flow rate were measured using an empty reactor on a mass balance. The flow rate 

was the rate of mass gained by the empty reactor. The flow rate decreased both 

with nozzle height and voltage supply (Figure 3.4a). The increase of voltage supply 

increased pump pressure which increased both volumetric flow rate and spray 

angle. Despite the increase in the volumetric flow rate, the increase in spray angle 

decreased the amount of water entering the reactor because the spray was wider 

than the reactor top area. The nozzle height and pump voltage were set prior to 

each experiment to obtain the desirable flow rate based on the result shown in 

Figure 3.4a. Suppression flow rate values were confirmed by data analysis 

averaging mass gain rate into the reactor, from the start of the suppression to ~50 

to 60% of the suppression time. Figure 3.4b shows an example of mass gain rate 

from the start of suppression over the next 29 min, which is ~60% of the 

suppression time, in which the average of this mass gain rate corresponds to a 

suppression flow rate of 3.96±0.47 L/h. Because the mass loss from smouldering 

was negligibly small compared with the mass gain from suppression (~2 orders 

smaller than mass gain) and the decreasing burning rate due to smouldering being 

suppressed, mass loss from smouldering at this stage of suppression can be 

neglected. The rate of suppressant evaporation can also be assumed to be 

negligibly small, of the same order of sample mass loss due to smouldering. Table 

3.1 shows the summary of variables investigated in this study. 

 

 



52 

 

Figure 3.4. Suppression flow rate resulting from changes to nozzle height and pump 

voltage (a) Measurement of flow rate vs nozzle height and voltage supply (b) Example of 

mass gain rate during suppression to confirm flow rate values. This shows that the 

average suppression flow rate is 3.96 ± 0.47 L/h, since the density of the wetting agent ≈ 

𝜌𝑤 = 1 kg/L [139]. 

Table 3.1. Experiment variables investigated in this study. The flow rate range is obtained 

by setting the pump voltage and nozzle height as shown in Figure 3.4a to target a desired 

flow rate and then clarified by averaging the mass gain rate during the early stage of 

suppression (Figure 3.4b). 

Wetting agent 

concentration 

(% by weight) 

Flow rate 

range (L/h) 

MC 

(% in dry basis) 

Wet bulk 

density 

(kg/m3) 

Number of 

experiments 

0 3.6 to 16.6 

103 ± 6.8 204.4 ± 8.90 

21 

1 0.3 to 16.6 17 

5 1.2 to 7.7 11 

 

3.5. Results and discussions 

3.5.1. Results on smouldering spread 

3.5.1.1. Temperature profiles 

Before suppression was initiated, horizontal spread was faster at 8 cm below 

surface, leaving a layer of peat on top, as evidenced by the low temperatures 

measured by the top thermocouples in Figure 3.5. This unburnt surface layer 

stayed intact for some time, forming an overhang, which collapsed later on. This 

was observed previously by Huang et al. [53]. 

Figure 3.5 shows temperature profiles without suppression as a baseline 

behaviour for comparison (red lines) and average temperature profiles from 21 

experiments of water suppression (black lines) in which flow rate was varied 

between 3.6 to 16.6 L/h. The ignition procedure is evidenced by the sharp increase 

in temperature measured by TC5 and TC9, followed by also a sharp decrease when 

ignition procedure was stopped. Smouldering started at 5 cm depth from the top 

surface. From this point, i.e. TC5, smouldering then spread at a depth of ~8 cm, 

indicated by trend of temperature increase from TC5 → TC9 → TC10 → TC11 → 

TC12 (red lines in Figure 3.5). 
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Figure 3.5. Temperature profiles in experiments with and without water suppression. Red 

line is temperature in experiment without suppression; black lines are the average 

temperature profiles from 21 experiments of water suppression (without wetting agent) 

in which flow rate was varied between 3.6 to 16.6 L/h; gray shade is data range for 

temperature in experiments with suppression; blue shade is the time range from start to 

finish of suppression. 

In experiment with water suppression (black lines in Figure 3.5), only TC9 

and TC10 were measuring temperatures above 400oC when suppression started 

(the left side of rectangular blue shade in Figure 3.5). Thus, at the start of 

suppression, the smouldering front was around TC9 and TC10 (up to 7 cm away 

from the ignition wall). Figure 3.5 also shows that smouldering propagation at this 

time was also well beyond into the steady state which can also be seen in mass 

data in Figure 3.3b. A small bump of temperature increase at TC11 in experiments 

with suppression indicates that leading edge of drying front was probably located 

between TC10 and TC11, ~9 cm away from ignition wall. As can be seen in Figure 

3.5, smouldering spread beyond TC10 was successfully prevented after water 

suppression across all 21 experiments. 

The dynamics of smouldering fires can be studied by the temperatures 

reached and the thermal residence time [11,63,87]. Thermal residence time is the 

amount of time that a point in the sample is above a certain temperature threshold, 

e.g. 60 min of thermal residence time for 100oC means that a point in the sample 

was at 100oC or above for 60 min [11]. Figure 3.6 shows thermal residence time of 

TC10. It shows that suppression decreases thermal residence time across the 

temperature range from 100 to 650oC, compared to no suppression. It can be seen 

that compared to the effect of suppressant concentration, flow rate has stronger 

effect on decreasing residence time. By increasing flow rate from 0.6 to 7.6 L/h, 

thermal residence time decreases by ~1 h, at 100 to 550oC (Figure 3.6a). 

Considering the effect of the suppressant concentration, it can be seen that the LC 
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affects thermal residence time about the same as water and further decreases 

residence time by 0.5 h only at temperature above 300oC (Figure 3.6b). HC has a 

stronger effect than LC in which the residence time decreases by ~0.5 h across all 

temperature, in comparison to water. In Figure 3.6a, the standard deviations of 

LC thermal residence time are 0.6 h at low flow rate, 0.2 h at intermediate flow 

rate, and 0.12 h at high flow rate; while in Figure 3.6b, the standard deviations of 

thermal residence time are 0.35 h for water, 0.2 h for LC, and 0.03 h for HC. 

 

 
Figure 3.6. Average thermal residence time vs temperature threshold with (a) LC 

suppressant at increasing flow rates, and (b) intermediate flow rate at increasing 

suppressant concentrations. The thermal residence time is time from the start of ignition 

until termination. 

 

3.5.1.2. Persistent smouldering 

Figure 3.7 shows a side-view schematic of the smouldering propagation in 

this study based on temperature in Figure 3.5 and visual observation of the 

experiments (Figure A 3.1) and illustrating the location of TC10 close to 

smouldering leading edge at the initiation of suppression. In [105], temperature 

threshold of 80oC anywhere in the sample was the suppression criteria. However, 

14 experiments out of 49 show the occurrences of persistent smouldering, 

represented by a temperature increase and continuation of spread during 

suppression. During this persistent smouldering, the temperature at TC10 was 

seen to increase up to ~220oC (approximately peat smouldering temperature [97]) 

and this increase occurred after this temperature had decreased to as low as ~66oC 

(Figure 3.8a). In other cases, smouldering continuously spread despite ongoing 

suppression as indicated by a temperature increase at TC11 (Figure 3.8b). Both 

cases show a potential of reignition if suppression was stopped at a temperature 

above 50oC. In another study, Lin et al. [106] reported a reignition of peat at 

temperature of ~60oC. Temperature of 50oC is chosen as a conservative threshold 

for successful extinction since no reignition was observed when 50oC was the 



55 

 

criteria. Successful suppression can also be identified by surface infrared radiation; 

however, IR was unable to detect the occurrence of persistent smouldering (Figure 

A 3.2 and Figure A 3.3 in Appendices). 

 
Figure 3.7. The side-view schematic of the smouldering front at the start of suppression. 

TC9 and TC10 roughly indicate the trailing and leading edges of char oxidation front. 

 

 
Figure 3.8. Examples of persistent smouldering during suppression indicated by 

temperature profiles at deep layer, i.e. TC9, TC10, and TC11. (a) Water at 4.3 L/h flow 

rate, suppression time is 78.8 min. (b) Water at 7.2 L/h flow rate, suppression time is 36 

min.  

Temperature anomalies in Figure 3.8a can also be caused by thermocouple 

tip being enveloped by the solution for a while, thus causing a temperature 

decrease, followed by a temperature increase once the enveloping solution has 

dried. Another possible cause for the increase in temperature is the collapse of an 

overhang that burned near a thermocouple (Figure 3.7), causing a perturbation in 

the temperature curve, which is thus not as smooth as if there was no collapse. 

Figure 3.9 shows the summary of the occurrences of persistent smouldering 

(temperature increase at TC10 and continuation of spread to TC11) during the 

ongoing suppression, showing a clear indication that these occurrences are less 

frequent with increasing flow rate and wetting agent concentration, with flow rate 
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having the greater effect. Uncertainty can be caused by the TC being enveloped by 

the solution and overhang collapse. 

 

 
Figure 3.9. Occurrences of persistent smouldering. A value of 1 on the y axis indicates 

that persistent smouldering was observed in the experiments conducted at a particular 

flow rate, while 0 means that persistent smouldering was not observed. 

3.5.2. Results on suppression dynamics  

3.5.2.1. Suppression time 

As seen in Figure 3.10, suppression time decreased with flow rate for all 

suppressant concentrations. The best fit lines in Figure 3.10 can be assumed to be 

a critical suppression limit for suppression flow rate and time, below which 

suppression is unsuccessful. In the range from 5 to 9 L/h, the average suppression 

time with LC was 39% lower than water, while with HC the suppression time was 

26% lower than water. Even though LC on average was faster than HC, the 

standard deviation of LC times was ~20 min, significantly greater than the 6 min 

standard deviation for HC. This means HC is statistically more reliable in 

reducing suppression time than LC. For example, the data shows that a 

suppression time of around 70 min can be achieved by HC with a flow rate of 1.5 

L/h or a flow of 4.1 L/h with water. In high flow rates (9 to 18 L/h), LC suppressant 

and water resulted in similar suppression times (< 40 min). However, to achieve 

~60 min suppression time, HC suppressant required lower flow rate compared to 

water, resulting in 63% lower pump power (pump power is proportional to flow 

rate [153]) which is a crucial consideration for the field conditions where remote 

locations make power supply challenging. The range and trend of suppression time 

reported here agrees with previous studies for water [105,106], while the study 

here includes wetting agents. Longer suppression time in [105] can be due to the 

much lower MC in their samples, i.e. 15%. With Netherlands peat samples at 50% 
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MC, Lin et al. [96] reported that 0.16 L/h water spray was the minimum flow rate 

for successful suppression, thus in agreement with the study here, even if there is 

50% difference in the MC between [96] and this study. 

 

3.5.2.2. Suppression column height and run-off 

Figure 3.11a shows the amount of run-off measured for the three fluids 

(water, LC, and HC). Run-off ratio is between the run-off (𝑉𝑜) volume and the total 

suppressant volume (𝑉𝑡 ). Run-off can be caused by uniform penetration of the 

suppressant or by channel formation. Uniform penetration is aided by the low 

surface tension enabling the suppressant to seep through the pores between soil 

particles. In this study, the wetting agent surface tension is ~2.5 times smaller 

than water surface tension, i.e. 29.7±2.36 mN/m for the wetting agent [139] and 

72.02 mN/m [152] for water. Higher run-off due to uniform penetration can aid 

suppression of deeper hotspots. In the event run-off is due to channel formation, 

most of the suppressant flows through the same path, causing poor heat transfer 

and less contact surface between the suppressant and the particle [122], thus 

decreasing suppression performance. The channels are formed when the surface 

tension is high and the suppressant finds more resistance to seep through the 

pores. 
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Figure 3.10. Suppression time vs suppression flow rate. The best fit lines represent a 

critical suppression limit for flow rate and suppression time, below which suppression is 

not successful. (a) Water suppression (b) LC suppression (c) HC suppression (d) all 

suppressants, and with comparison to data point of suppression time from Ramadhan et 

al. [105]. Standard deviation for suppression time is too small to be included in the graph 

(±10 s). 

 
Figure 3.11. Run-off and suppression column height (a) The ratio of suppression run-off 

to the total volume of suppressant applied, (b) Suppression column height, the product of 

flow rate and suppression time divided by the reactor area (Eq. 3.1). The clouds for each 

suppressant agent are rough estimation to assist visual observation. 

Figure 3.11a shows run-off data for water, which are widely scattered and 

demonstrating no clear trend. Comparing with Figure 3.10d, shows water has a 

higher run-off than wetting agent suppressants (both LC and HC) and it is not 

accompanied by a shorter suppression, especially at low flow rate. This means that 

at low flow rates, water travels through the sample faster than wetting agent 

suppressants because of channelling and thus the longer suppression time. With 

wetting agent suppressants, run-off increases with flow rate. Comparing Figure 

3.11a with Figure 3.10d, it can be seen that the increase of run-off in wetting agent 

is accompanied by significant decrease of suppression time. As flow rate increases 
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beyond ~7 L/h, run-off of wetting agent increases to the level of water, and results 

in shorter suppression time than water. This means that run-off in wetting agent 

is mainly caused by uniform penetration and that higher run-off is equivalent to 

better wetting over the whole sample. 

Suppression column height or suppressant fluid per unit area can be 

calculated by using Eq. 3.1 where Hs is the suppression column height, V̇s is the 

flow rate, ∆ts is the suppression time, and Ar is the reactor area (0.2 m x 0.2 m). 

By looking into the lower suppression column height and shorter suppression time 

(at flow rates below 7 L/h) of LC and HC compared to water (Figure 3.10d and 

Figure 3.11b), it can be seen that wetting agents increase suppression efficiency. 

Comparing Figure 3.10d and Figure 3.11b, the decrease of suppression time with 

flow rate is followed by increasing suppression column height, which can have 

positive effect on suppression performance if the run-off is caused by uniform 

solution penetration. 

 

Hs =
V̇s∆ts

Ar
 (3.1) 

 

3.5.2.3. Fluid volume per mass of peat 

The required volume of fluid to successfully suppress one kg of peat (𝑉𝑠𝑝/𝑚𝑠𝑝) 

is calculated by using Eq. 3.2 where 𝑉𝑠𝑝 is the total fluid volume, including the 

volume of suppressant applied (�̇�𝑠∆𝑡𝑠) and the original moisture content left when 

suppression was initiated (𝑉𝑤,𝑠𝑝), but excluding run-off (𝑉𝑜); and 𝑚𝑠𝑝 is the mass of 

the dry peat and residue (char and ash) when suppression was initiated, i.e. 299.3 

± 18.5 g (equivalent to 40.4 ± 1.66% mass loss). 𝑚𝑠𝑝 was calculated by estimating 

the amount of water content at the start of the suppression (𝑚𝑤,𝑠𝑝). By observing 

the average location of the front at suppression (𝐿𝑠𝑝), i.e. 10.9 ± 0.7 cm (Figure 

3.3a), the volume fraction of the unburnt sample (𝑋𝑠𝑝) can be estimated to be 0.46 

± 0.04 (Eq. 3.3, where 𝐿𝑟 is the length of the reactor which is 20 cm). Multiplying 

this volume fraction with the initial moisture content of the peat sample before 

ignition results in 𝑚𝑤,𝑠𝑝 (Eq. 3.4, where 𝑚𝑏 is the bulk mass of the sample before 

ignition). 𝑚𝑤,𝑠𝑝 was obtained by subtracting 𝑚𝑤,𝑠𝑝 from the mass data at the start 

of the suppression. The volume of water at the start of the suppression (𝑉𝑤,𝑠𝑝) is 

obtained from the mass of the water (𝑚𝑤,𝑠𝑝) and 𝜌𝑤 = 1 𝑘𝑔/𝐿 (in Eq. 3.2). Run-off 

is excluded in this calculation because it escapes the sample and therefore is not 

absorbed. As a note, the estimation of the volume fraction of the unburnt sample 

by using Eq. 3.3 and Figure 3.3a is made easier since the shape of the smouldering 

front was as shown in Figure 3.7. With different MC, the smouldering front will 

be in a different shape [53] and the estimation of the unburnt volume fraction 

conducted here cannot be used. 
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𝑉𝑠𝑝

𝑚𝑠𝑝
=
�̇�𝑠∆𝑡𝑠+𝜌𝑤𝑚𝑤,𝑠𝑝−𝑉𝑜

𝑚𝑠𝑝
 (3.2) 

𝑋𝑠𝑝 =
𝐿𝑟−𝐿𝑠𝑝

𝐿𝑟
 (3.3) 

𝑚𝑤,𝑠𝑝 = 𝑋𝑠𝑝
𝑀𝐶.𝑚𝑏

1+𝑀𝐶
 (3.4) 

 

 
Figure 3.12. Overall MC of peat after successful suppression according to Eq. 3.2, 

assuming 𝜌𝑠𝑝 = 1 𝑘𝑔/𝐿. The density of the wetting agent is similar to water [139], thus 

𝜌𝑠𝑝 = 𝜌𝑤. The average value is 572.9 ± 207.8 % of MC in dry-mass-base. 

This total fluid volume per mass of peat is rather constant despite wide range 

of flow rates and suppressant fluids. In other words, with increasing flow rate, 

run-off increases, and the volume of suppressant that is actively suppressing the 

fire is of 5.7 ± 2.1 L/kg-peat. This value of 5.7 ± 2.1 L/kg-peat can be understood as 

a critical flooding point, demonstrating the amount of water required to flood the 

peat fires for successful suppression. Figure 3.12 reports the critical flooding point 

in term of MC percentage (conversion of 𝑉𝑠𝑝/𝑚𝑠𝑝 by dividing it to 𝜌𝑤 and times 100% 

where wetting agent density (𝜌𝑠𝑝) is the same as 𝜌𝑤 = 1 𝑘𝑔/𝐿 [139]), showing a 

value of 572.9 ± 207.8 %MC required to suppress the peat fire. This is almost twice 

the typical value of peatland at flooded pristine conditions, i.e. about ~300% MC 

[10,24]. 

This critical value suggests that the suppression time is the duration needed 

to flood the peat. In other words, suppression time is the time needed for the 

suppressant at a specified flow rate and concentration to flood the peat to that 

level of critical flooding point. This value is also affected to a certain degree by run 

– off as well, since a higher run-off causes a longer time needed to flood the peat. 
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This means suppression is a thermofluids phenomenon in absorbing media, and 

that the suppressant acts thermally and not chemically. Thus, the effect of both 

suppressant concentration and flow rate is to accelerate fluid transport through 

porous media over the depth of the sample. The low surface tension of the wetting 

agent probably helps avoiding channel formation. This critical flooding point could 

be a soil property and the value found here is valid for the peat type used in the 

study. Compared with literature, this critical value generally agrees in the order 

of magnitude with value reported by Ramadhan et al. [105], i.e. ~6.4 L/kg-peat. 

Slightly different average than Ramadhan et al. [105] might be due to the value 

reported in that study was based on the mass of the peat before ignition, differs 

from the value reported in this study which is based on the mass of the peat and 

residue before suppression started. 

Even though higher run-off can indicate deeper suppressant penetration, the 

formation of channels especially for water is a concern causing less fluid 

participating in suppression. The constant critical flooding point confirms the two 

possible run-off mechanisms, i.e. channelling and uniform penetration. At low flow 

rate, the low run-off of LC and HC caused by uniform penetration resulted in 

shorter suppression time than water due to faster flooding of the peat by LC and 

HC (Figure 3.11a and Figure 3.10d). While in case of water, the higher run-off at 

low flow rate is accompanied by a longer suppression time than LC and HC 

because the run-off was mainly caused by channel formation, causing most of the 

water not contributing to the peat flooding. 

Here, the critical flooding point of 5.7 ± 2.1 L/kg-peat can be considered as a 

theoretical value in which run-off is not included. In practical application, however, 

run-off cannot be avoided. Thus, including the run-off into this critical flooding 

point can provide a practical guidance and resulted in 14.4±9.2, 9.3±6.6, and 

8.5±1.9 L/kg-peat with water, LC, and HC, respectively. 

 

3.5.3. Upscaling to field conditions  

3.5.3.1. Peat fire field experiments 

In 2018, field-scale experiments of peat fire were conducted in Indonesia 

during which five peat fires burned for 4 to 10 days (Chapter 2). Two rain events 

occurred during this time but the fires survived. The rainfall heights, equivalent 

to the suppression column height shown in Eq. 3.1, were 2.5±0.1 mm and 4.8±0.2 

mm (Table 3.2). These values agree with data in this chapter because less than 

36±5 mm of water suppression would not suppress a peat fire. This value of 36±5 

mm was taken from the minimum suppression column height shown in Figure 

3.11b. After 10 days, the five peat fires were suppressed in a controlled manner by 

means of water spray. The suppression times ranged from 17 to 42 min, and flow 

rate from 3,000 to 4,900 L/h, resulted in column height from 26.5 to 36.7 mm. This 

range of suppression times agree well with the lab measurements even though the 

flow rate were far higher. The suppression column height can also be seen as the 
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amount of water that needed to be supplied in an area of a fire. Thus, 26.5 mm is 

26.5 L of water per m2 of the fire area, and a higher flow rate can quickly supply 

this required amount of water. Considering the significantly higher flow rate than 

in the lab-scale, the suppression time in field-scale though is not significantly 

shorter. This can be due to the significantly larger fire area in the field, up to 0.3 

to 80 m2. 

The two rainfall events correspond to 1.9 to 2.6 L/h for 50 min and 1.3 to 8.8 

L/h for 17 min, and both fall below the below the critical suppression limit of 

Figure 3.10a (see also Figure 2.18a), thus too quick for successful suppression. Lin 

et al. [106] reported that the minimum column rate to suppress peat fires is 4 

mm/h, which is less than rain events recorded in our field experiments, i.e. 5.6 and 

8.3 mm/h. However, the minimum column rate should last for more than 5 h in 

order to successfully suppress peat fires [106], which is much longer than typical 

rainfall but agrees relatively well with minimum suppression column height 

reported both in this chapter (36±5 mm) and chapter 2 (26.5±9.2 mm), i.e. 4 mm/h 

× 5 h = 20 mm. 

Table 3.2 shows the summary of suppression column height and run-off data 

for all currently available literature of peat fire suppression. It can be seen that 

the minimum suppression column height ranges from 13 to 36 mm, except for the 

two extremely high column height values from [105] of 579±30.8 mm and from 

lance injection in GAMBUT (Chapter 2) which is 842.5±57.7 mm. 

Table 3.2. Data of minimum suppression height (mm) and run-off (%) from this study and 

available literature of peat fire suppression. 

Fluid Minimum Suppression 

column height (mm) 

Run-off 

(%) 

This work – laboratory experiment (spray)   

Water 36±5 

 

2±0.15 

 
Low concentration wetting agent (1% weight in water) 14±14 

 

0.5±0.45 

 
High concentration wetting agent (5% weight in water) 26±11 

 

0.6±0.2 

 Literature   

Water [105] – laboratory experiment (Spray) 579±30.8 

 

N/A 

 
Water [106] – laboratory experiment (Spray) 

 

13±1.9 

 

N/A 

 
Water (Chapter 2) - field experiment: 

 

  

Successful suppression (Spray) 

 

26.5±9.2 

 

N/A 

 
Successful suppression (Lance injection) 

 

842.5±57.7 

 

N/A 

 
Unsuccessful suppression (Rain 1) 

 

2.5±0.1 

 

N/A 

 
Unsuccessful suppression (Rain 2) 

 

4.8±0.2 

 

N/A 

  

3.5.3.2. Upscaling of laboratory results 

Upscaling from laboratory data to the field can give an idea of the challenges 

of peat fire suppression in terms of flow rate and suppression time. Based on the 

data presented here, the amount of suppressant fluid required to extinguish an 

hypothetical peat fires in the field can be estimated by Eq. 3.5. It basically upscales 
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the amount of required suppressant fluid from laboratory data ( �̇�𝑠∆𝑡𝑠 ) to a 

hypothetical field scale through ratio of the fire area in the field to fire area in the 

lab. This equation assumes a uniform flow rate over an extended area of the 

wildfire, thus can be used to approximate the required volume of suppressant fluid 

for relatively small peat fire area. 

 

𝑉𝑠 = �̇�𝑠∆𝑡𝑠
𝐴𝑓

𝐴𝑟
 (3.5) 

 

Where 𝑉𝑠 as the required volume of suppression agent (L) (which is shown to 

be about 5.7 ± 2.1 L/kg-peat in Figure 3.12, and if including run-off can be up to 

14.4±9.2, 9.3±6.6, and 8.5±1.9 L/kg-peat with water, LC, and HC, respectively), �̇�𝑠 

as suppression flow rate (L/h), ∆𝑡𝑠 as required suppression time (h), 𝐴𝑓 as fire area 

(m2), and 𝐴𝑟  as reactor area used in this study, i.e. 0.04 m2 (at the start of 

suppression, half of the reactor had already burnt). 

For example, the average suppression time for water at a flow rate of 4 L/h 

in the laboratory reactor is ~63 min. Using Eq. 3.5, the amount of water required 

to extinguish, say, a 1 ha. (1×104 m2) peat fire can be estimated to be in the order 

of 1 million L. In case HC suppressant is used at the same flow rate, the average 

suppression time was 35 min, resulting in ~580,000 L of suppressant, about half 

of the required volume with water. 

Volumetric consideration can also be made in the upscaling by including the 

depth of burn in Eq. 3.5, done by multiplying both fire area in the field and in the 

lab scale with their respective depth of burn. Taking the average depth of burn in 

peat fires from boreal and tropical regions, i.e. 39 cm [118], and the laboratory-

scale depth of burn in this study, i.e. ~3 cm, results in ~13 fold increase of the 

amount of solution required to extinguish the hypothetical peat fire in the example 

above. The upscaling conducted here was done simply by assuming a linear scaling 

of smouldering and suppression dynamics. By considering the relatively well 

agreement of minimum suppression column height (Table 3.2), and suppression 

time and flow rate, between lab and field-scale (Figure 2.18a), linear scaling can 

be assumed to be acceptable. At least, to give a general idea on the difficulties and 

the very high required suppressant volume peat fire firefighting, as also reported 

from real peat fires incidents [128,132,133,135]. 

 

3.6. Conclusion 

This chapter presents suppression experiments on smouldering peat fires 

exploring the effect of three different concentrations of suppressant and variable 

flow rate. Suppression data is represented by suppression time, run-off volume, 

column height, and fluid volume per mass of peat. Flow rates decrease suppression 

time for all solutions explored. By using higher concentration of wetting agent as 

suppressant, 26 to 39% decrease in suppression time can be achieved with HC 
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performed more reliable in reducing suppression time. The use of wetting agent 

could decrease the required flow rate by 63%, thus also reducing the required 

pump power by the same order, and significantly decrease required volume of 

suppressant agent. Upscaling demonstration of the results in this study to the 

field, an example case of a small peat fire, shows that a 50% decrease in the 

required suppressant volume per hectare fire could be achieved with wetting 

agents as suppressant. 

The decrease of suppression time with flow rate is at the expense of higher 

run-off. The run-off is caused by channelling in water or uniform penetration by 

wetting agent. The uniform penetration by wetting agent is because it has ~2.5 

times lower surface tension than water. Run-off by uniform penetration is good to 

suppress deep fires. 

The actual volume of suppressant that actively extinguishes the fires is found 

to be rather constant across different flow rates and suppressant agents. This 

value is coined as critical flooding point, which is 5.7±2.1 L/kg. This value being 

constant suggests that the wetting agent as suppressant acts thermally and not 

chemically. The minimum suppression column height in water suppression in this 

lab-scale study agrees with the field experiment presented in Chapter 2, i.e. 36±5 

and 26.5±9.2 mm, respectively. This suggests that suppression efforts or rainfall 

events with column height below this minimum value results in water not 

reaching the in-depth smouldering, thus resulting in unsuccessful suppression. 

The experiments presented here were conducted at constant setup of MC, 

bulk density, and sample depth. Previous studies found that smouldering spreads 

deeper with MC and that spread rate decreases with bulk density [3,121]. More 

studies are needed to clarify the correlation between suppression and smouldering 

dynamics across these soil properties. As with sample depth, its influence on 

suppression can be expected to be closely related to MC which has been known to 

govern smouldering front width [121]. Thus, different sample depth might result 

in minimum effect on suppression if the MC is constant, hence constant 

smouldering front width. 

This chapter presents the occurrences of persistent smouldering despite 

ongoing suppression. The possibility of persistent smouldering decreased with 

increasing flow rate and suppressant concentration. The results presented here 

contribute to a better understanding on the mechanism of peat fires suppression, 

the role of flow rate and suppressant fluids, and the amount of resources needed 

to successfully stop peat wildfires. 
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Chapter 4  

 

Review of the Transition from Smouldering to Flaming 

Combustion in Wildfires 

 
Summary4 

Wildfires are uncontrolled combustion events occurring in the natural 

environment (forest, grassland, or peatland). The frequency and size of these fires 

are expected to increase globally due to changes in climate, land use, and 

population movements, posing a significant threat to people, property, resources, 

and the environment. Wildfires can be broadly divided into two types: smouldering 

(heterogeneous combustion) and flaming (homogeneous combustion). Both are 

important in wildfires, and despite being fundamentally different, one can lead to 

the other. The smouldering-to-flaming (StF) transition is a quick initiation of 

homogeneous gas-phase ignition preceded by smouldering combustion and is 

considered a threat because the following sudden increase in spread rate, power, 

and hazard. StF transition needs sufficient oxygen supply, heat generation, and 

pyrolysis gases. The unpredictable nature of the StF transition, both temporally 

and spatially, poses a challenge in wildfire prevention and mitigation. For example, 

a flaming fire may rekindle through the StF transition of an undetected 

smouldering fire or glowing embers. The current understanding of the 

mechanisms leading to the transition is poor and mostly limited to experiments 

with samples smaller than 1.2 m. Broadly, the literature has identified the two 

variables that govern this transition, i.e., oxygen supply and heat flux. Wind has 

competing effects by increasing the oxygen supply, but simultaneously increasing 

cooling. The permeability of a fuel and its ability to remain consolidated during 

burning has also been found to influence the transition. Permeability controls 

oxygen penetration into the fuel, and consolidation allows the formation of 

internal pores where StF can take place. Considering the high complexity of the 

StF transition problem, more studies are needed on different types of fuel, 

especially on wildland fuels because most studied materials are synthetic 

polymers. This chapter synthesises the research, presents the various StF 

transition characteristics already in the literature, and identifies specific topics in 

need of further research. 
  

 

 
4 This chapter is based on “Santoso MA, Christensen EG, Yang J and Rein G (2019) Review of the 

Transition From Smouldering to Flaming Combustion in Wildfires. Front. Mech. Eng. 5:49. doi: 

10.3389/fmech.2019.00049” 
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4.1. Introduction to smouldering-to-flaming transition in wildfires 

This chapter reviews the transition from smouldering to flaming in the 

literatures, identifying the mechanisms and important variable that can be 

further investigated to understand the fundamental of transition. A wide range of 

materials can undergo smouldering, such as cellulosic insulation, coal, 

polyurethane (PU) foam, cotton, wood, and peat, making smouldering a serious 

hazard in both residential and wildland areas. In particular, the hazard of wildfire 

increases at the wildland urban interface (WUI), where wildfire fronts meet 

houses and urban sites. In such an event, two types of fuels are involved, i.e. WUI 

and wildland fuels. WUI fuels are found in the built environment (e.g., polymers 

and timber), where the smouldering-to-flaming (StF) transition has been 

investigated in more studies than wildland fuels (e.g., leaves, twigs, and organic 

soils), which are rarely discussed in the literature. In solid fuel with charring 

capability, both smouldering and flaming can occur, and one can lead to the other 

[1]. 

The chemical pathways of solid fuel combustion can be broadly simplified and 

has been discussed in Chapter 1 (Eq. 1.1 to 1.4). Although flaming is 

characteristically different from smouldering; smouldering is the heterogeneous 

reaction of solid fuel with an oxidiser (Eq. 1.3), whereas flaming is the 

homogeneous reaction of gaseous fuel with an oxidiser (Eq. 1.4), which releases 

more heat (Table 4.1); the two fires have their genesis from the same process, 

namely, pyrolysis (Eq. 1.2). 

Table 4.1. Smouldering and flaming combustion characteristics [1,38] 

Characteristics Smouldering Flaming 

Peak temperature (oC) 450–700 1,500–1,800 

Typical spread rate (mm/min) 1 100 

Effective heat of combustion (kJ/kg) 6–12 16–30 

Ignition source (kW/m2) 8 30 

 

The commonality of pyrolysis (Eq. 1.2) prior to both smouldering and flaming 

combustion allows the transition between them. In one case, a flaming fire can 

extinguish, and a smouldering fire can proceed in a flaming-to-smouldering 

transition. This transition may have significant effects on soil consumption during 

wildfires, as flaming fires quickly spread over the surface of the forest floor and 

consume shallow layers of ground fuels, while smouldering occurs both above- and 

belowground, slowly releasing massive amounts of carbon, and can be far more 

detrimental to the ecosystem. For example, during peat fires in Indonesia in 1997, 

it was found that smouldering combustion consumed organic soils as deep as 51 ± 

5 cm and released approximately 2.57 Gt of carbon [12]. At the global scale 

estimate, the average annual greenhouse gas emissions from smouldering fires 
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are equivalent to 15% of manmade emissions [25]. Owing to its low temperature, 

propensity to travel belowground, and flameless characteristics, smouldering of 

organic soils is difficult to detect [1,11,12]. Additionally, when detected, 

smouldering is notoriously difficult to extinguish, requiring vastly greater 

quantities of water [1,105,122,143]. 

In Southeast Asia, this flaming-to-smouldering transition is common, as it is 

frequently used in agricultural practices to clean the land and return nutrients for 

use in plantations—this practice is typically referred to as slash and burn (Figure 

4.1). These practices can lead to widespread peat fires during prolonged dry spells, 

such as El Nino, and are often the cause of dramatic haze episodes, such as those 

regularly recorded in Indonesia [12,14]. Additionally, smouldering wildfire 

produces more toxic compounds per kilogram of fuel compounds than flaming 

[1,103], and due to the low temperature causing weakly buoyant plumes, smoke 

can be blown into nearby cities, causing severe degradation of air quality and 

significant adverse health effects [1,27,154]. In 2015, the haze episode caused an 

economic loss of 16 billion US$ to Indonesia, not including economic losses to the 

other affected countries, such as Malaysia, Singapore, and Brunei Darussalam5. 

 
Figure 4.1. Simultaneous occurrence of smouldering and flaming in peatland forest fires. 

Flaming wildfire consumes surface fuel vegetation and tree crowns. Smouldering 

combustion consumes organic soil, dominantly spreading on and below the ground. 

However, the more dramatic transition is StF, as it represents a sudden 

increase in spread rate, power, and hazard (Table 4.1). Smouldering ignition 

requires less energy than flaming ignition, and as such, the StF transition 

 

 
5 Haze fires cost Indonesia S$ 22 b, twice the tsunami bill: World Bank, The Straits Times, Singapore, 16 

December 2015. 
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provides a path to flaming via heat sources too weak to directly ignite a flame [38]. 

In addition, based on the review of research of fire spread in WUI fires, Caton et 

al. [155] identify StF transition as one of the pathways of building fire spread in 

the WUI fires. There is a rather informal technical term used to express the 

reignition of fire that previously has been extinguished, i.e., rekindle [156]. StF 

transition can be one of the mechanisms leading to rekindling in wildfire. This is 

further discussed in Chapter 4.6 (Embers and StF Transition in Wildfires). 

In addition to heat flux from the flame, embers generated by wildfires are a 

major cause of wildfires spread and ignition in WUI building [157]. Embers (also 

called as firebrands or firedrops) are pieces of hot or burning fuel lofted by the 

plume of the fire [40] (Figure 4.2). Once accumulated, embers can cause WUI 

structures such as roofing material, decks, and vents to smoulder and, in some 

cases, transition to flaming. The generation of embers, its transport and the 

vulnerability of ignition of WUI fuels due to flaming and smouldering embers have 

been widely investigated [41,42,44,158–164]. Embers also provide an alternative 

mode of fire spread during wildfires through spotting, whereby embers land and 

locally ignite dry fuels, often transitioning from StF and thus advancing the flame 

(Figure 4.2). This particular behaviour can be highly hazardous to firefighters who 

may quickly find themselves surrounded by flames. Moreover, the current codes 

and standards of WUI represent a lack of understanding of how WUI structure 

can ignite during wildfire, one of which is the WUI structural vulnerability to 

ember showers [165,166]. 

 
Figure 4.2. Ember shower during the 2018 Delta Fire in the Shasta – Trinity National 

Forest, California, USA. Photo courtesy of Noah Berger / Associated Press 

(noahbergerphoto.com). Photo shows flaming fires of grass due to embers, representing a 

smouldering-to-flaming transition from embers. 
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Despite the significant risks associated with the transition from StF, limited 

research is available on the topic, and a fundamental theory of the phenomena has 

yet to be found. Current research has identified a few key mechanisms but has 

also found that the transition is inherently difficult to predict. This unpredictable 

nature of the StF transition both temporally and spatially poses an additional 

challenge in wildfire prevention and mitigation. This paper aims to synthesise 

findings in the literature of the StF transition and identify the leading 

mechanisms and key influencing variables for both wildland and WUI fuels to 

identify further research required to fully understand the StF transition. 

 

4.2. Role of oxygen supply and heat transfer 

Airflow has been frequently found to be a factor that influences the StF 

transition, as it increases the oxygen supply into the reaction zone, increasing the 

smouldering spread rate. The StF transition is likely to occur with increasing 

smouldering spread rate as the intensity of combustion and rate of pyrolysis 

increase, resulting in a greater mass flux of pyrolyzates. Palmer [167] particularly 

described that the StF transition was preceded by glowing, which is the visual 

indication of a high local temperature due to strong smouldering [1]. Notably, the 

wind direction relative to the spread is also markedly important to the spread 

dynamics of smouldering. Forward smouldering propagates in the same direction 

as the airflow, whereas opposed smouldering propagates against the flow of air [1]. 

Forward and opposed smouldering propagations represent different heat transfer 

mechanisms that influence the heating process of the fuel [1,36,168,169], thus 

affecting the occurrence of the StF transition. In opposed smouldering, airflow 

carries the heat from the smouldering zone away to the ash layer, diminishing the 

heat supplied for heating the fuel. In forward smouldering, the airflow transfers 

heat from the smouldering zone to the unreacted fuel, resulting in a more efficient 

fuel heating process. The smouldering front is also narrower in opposed 

smouldering than in forward smouldering, representing the lower amount of heat 

produced in opposed smouldering [168]. Due to the stronger influence of airflow 

on the smouldering spread rate in forward smouldering than in opposed 

smouldering, forward smouldering has a greater propensity for the StF transition 

[167,170,171]. 

StF transitions can also occur under opposed smouldering [171–173] but with 

a lower propensity than those under forward smouldering because of the heat 

transfer direction previously discussed. Basically, the increase in airflow velocity 

plays two roles in smouldering. Airflow increases both oxygen supply to the 

smouldering front and convective heat loss. Increased oxygen supply increases the 

rate of the exothermic reaction needed to sustain smouldering, while increased 

convective heat losses decrease heat transfer into the unreacted fuel. The latter 
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role is more significant in opposed smouldering propagation than in forward 

smouldering propagation. 

Two types of StF transitions were identified by [171]: trailing- and leading-

edge transitions (Figure 4.3a). Figure 4.3a illustrates smouldering fronts and the 

location of the leading-edge and trailing-edge StF transitions. The trailing-edge 

StF transition occurred at the char layer at the trailing edge of the smouldering 

front. The flame caused by this transition was blue, lasted up to 2 min, and spread 

up to 10 cm on the residual char. The blue colour of the flame was probably due to 

a lean mix of gaseous fuel with air prior to ignition. In addition to the mixture 

concentration, the fuel (i.e., hydrocarbon such as CO or pyrolyzate [171]) is known 

to affect the colour of the flame, along with the tendency to produce soot. The 

leading-edge StF transition occurred at the leading edge of the smouldering front, 

spread downstream onto the unburnt layer of cellulosic insulation, and lasted up 

to 5 min. Figure 4.3b shows that both leading-edge and trailing-edge StF 

transitions occurred in forward smouldering, while only the trailing-edge StF 

transition occurred in opposed smouldering under an airflow of up to 5 m/s. 

Considering the slower smouldering spread in opposed smouldering, it can be seen 

that a slower smouldering spread rate results in a lower StF transition propensity. 

 
Figure 4.3. (a) Smouldering front diagram showing leading and trailing edges of the StF 

transition. No significant difference in the smouldering front structures between forward 

and opposed smouldering in [171] other than the relative thickness of each layer, i.e., 

drying, char, and ash layers. The detailed smouldering front diagram is a modification 

from X. Huang (CC BY license) in [50]. The shaded red area represents the rough 

estimation of the possible location for the StF transition. Red arrow indicates the duration 

length of the StF transition. (b) Smouldering spread rate of cellulosic insulation under 

forward and opposed smouldering propagation modes. Data from [171]. 

Building on this fundamental concept of the rate of oxidation being crucial in 

the transition phenomena, the increase in ambient oxygen concentration has been 

investigated and found to have a profound effect on the StF transition. StF 
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transitions of smouldering PU foam with no external airflow occurred at oxygen 

concentrations ranging from 17 to 37 vol%, depending on the ambient pressure, 

and only for large samples (50 × 120 × 450 mm; [174]). The samples in the form of 

small cylinders (18 mm in diameter) did not experience a transition. The 

dimensions of the sample govern the self-sustainability of smouldering since 

smaller samples lead to higher heat losses [175]. By increasing ambient pressure, 

the oxygen concentration at which the StF transition occurred (critical oxygen 

concentration) decreased. This result implies that increased oxygen diffusion 

penetration into smouldering fuel under increased ambient pressure leads to lower 

critical oxygen concentration. However, when the ambient oxygen concentration 

is further increased to 35–54 vol% with assistive heating (4.5–55 kW/m2), the StF 

transition can occur in samples with characteristic lengths as small as 10–12.5 cm 

[176–181]. 

It is important to note that in wildfires, the oxygen concentration will not 

become higher than the atmospheric oxygen concentration. In fact, the oxygen 

concentration can be lower. Thus, the effect of airflow velocity and particle 

diameter in terms of oxygen supply is the most prominent in the StF transition in 

wildfires. Other important parameters in wildland fuel are moisture content (MC) 

and inorganic content (IC). MC and IC reduce the propensity to ignition and 

decrease the lateral fire spread rate of wildland fuel due to their roles as heat sinks 

[1,47,49,53,95,118]. MC absorbs heat for water vaporisation, and IC absorbs heat 

and does not contribute to further exothermic reactions due to its inert nature, 

contributing to increased heat losses. Interestingly, it has been recently reported 

that the in-depth spread rate increases with MC, which is counterintuitive to the 

widely assumed decrease in spread rate with MC [3]. Thus, the lateral and in-

depth spread rates in smouldering fires respond differently to MC. As MC 

increases, the density of organic matter per unit volume decreases and porosity 

increases due to volumetric expansion. The spread rates, i.e., lateral and in-depth, 

are limited and pre-dominantly governed by two different processes of heat loss 

and oxygen diffusion. However, the mechanism causing these different responses 

still needs further investigation. Increased propensity of the StF transition with 

decreased MC has been shown in both WUI and wildland fuels [43,182–184]. 

The critical velocity of the StF transition occurred as the velocity ranged from 

1 to 5 m/s for studies at atmospheric oxygen concentration and without assistive 

heating, such as radiant heating, deposited embers, and deposited hot particle 

(Table 4.2). With external heat flux and increased ambient oxygen concentration, 

the critical velocity decreased because the convective cooling effect was minimised 

[178]. In turn, the decreasing convective cooling effect decreased the required heat 

needed to induce the StF transition. In the case of the deposition of embers at 

atmospheric oxygen concentration, the StF transition was found to occur at 

velocities as low as 1 m/s [183,184] or even with no airflow velocity when the 

assistive heating was from a hot steel particle at a temperature of ∼1,200oC [43].
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Table 4.2. Studies of the smouldering-to-flaming transition in the literature. 

Consolidation/ 

fuel category 

  

Sample 

material 

  

Sample shape 

and orientation 

(characteristic 

length [m]) 

  

Ignition source 

(size and 

duration) 

  

Smouldering 

spread mode 

  

Critical 

velocity 

[m/s] 

  

Oxygen 

concentration 

[Vol%] 

  

External heat flux 

[kW/m2] 

  

Location 

of 

transition 

  

Time to 

StF 

transition 

[mm:ss] 

Reference 

  

Range Critical Range Critical 

Unconsolidated/

Wildland fuel 

Pine straw 

mulch, 

Shredded 

hardwood 

mulch, Cut 

grass, Pine 

needles 

Thin 

rectangular 

block/horizont

al (0.23) 

Smouldering 

embers (Four 50 

mm (diam.) by 6 

mm (thick), 1.5 

g) 

Forward and 

opposed 

(simultaneously) 

1 21 21 N/A (ember 

deposition) 

N/A (ember 

deposition) 

Free 

surface 

N/A [183,184] 

Pine needles Thin 

rectangular 

block/horizont

al (0.31) 

Spherical metal 

particle (Diam. 

6, 8, 10, 12, 14 

mm and 

temperature 680 

to 1190 °C) 

Forward 0 to 4 21 21 None From the hot 

steel particle 

under high 

temperatures 

Free 

surface 

~01:40 to 

10:20 

[43] 

Pine needles Thin 

rectangular 

block/horizont

al (0.6) 

Flaming wood 

stick (4x4x130 

mm) on dry pine 

needle bed 

(150×20×40 

mm) 

Forward 1.1 21 21 None None Free 

surface 

N/A [185] 

Unconsolidated/

WUI fuel 

Filter paper 

& Cardboard 

Cylindrical/ver

tical (0.1)#1 

Small flame 

(N/A) 

Opposed 1.52±0.82 

(Filter paper)  

18 to 62 52±2 

(Filter 

paper)  

N/A N/A N/A N/A [176] 
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1.73±0.81 

(Cardboard) 

44±4 

(Cardboar

d) 

Cork dust & 

deal sawdust¶ 

Rectangular 

block/horizont

al (0.15 to 0.2) 

Small flame 

(N/A) 

Forward 1.8±0.8 21 21 N/A N/A Free 

surface 

N/A [167] 

Cellulosic 

insulation 

Flat 

rectangular 

with wedge 

ends/horizontal 

(0.46) 

Electrical heater 

(375°C and 60 

min) 

Forward and 

opposed 

2.2±0.22 

(forward)  

21 21 N/A N/A Free 

surface 

N/A 

(50:00Ɨ) 

[171] 

4.4±0.4 

(opposed) 

Wood 

shavings, 

shredded 

papers, 

beeswings* 

Rectangular 

block/horizont

al (0.61)#1 

Electrical coil 

(80 volts and 

N/A) 

Forward and 

opposed 

(simultaneously) 

2.23±0.63 

(wood 

shaving)  

21 21 N/A N/A N/A 02:00 to 

76:00 

[170] 

0 (Shredded 

paper) 

Consolidated/W

UI fuel 

Pinus 

Pinaster 

Thin 

slab/horizontal 

(0.11) 

Spontaneous, 

Propane-air 

flame (piloted, 

no airflow, 10 

mm flame 

length), 

Electrical spark 

(piloted, with 

airflow) 

N/A 2.4±1.4 21 21 10 to 55 35.48±9.61 N/A 00:09 to 

12:17 

(spontane

ous) 

00:10 to 

13:10 

(Piloted) 

[177] 

Fibre 

insulated 

board 

Hollow 

rectangular 

block/vertical 

(0.15) 

Bunsen flame Forward 0.18±0.06 21 21 N/A N/A Free 

surface 

10:12 to 

23:36 

[186] 
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Fire-retarded 

(FR) and 

Non-fire-

retarded 

(NFR) 

polyurethane 

(PU) foam 

Rectangular 

block/horizont

al (0.1 to 0.4) 

Electrical heater 

(40 to 200 W) 

Lateral in natural 

convection 

N/A 21 21 N/A N/A Free 

surface 

60:00 to 

138:05 

[182] 

NFR PU 

foam 

Rectangular 

block/vertical 

(0.125) 

Electrical heater 

(23.25 W and 

until self-

sustained 

smouldering 

identified) 

Forward 0.82±0.5 30 to 40 37.5±2 7.25 to 8.75 8±0.6 Within 

the 

sample 

17:34 [178] 

FR PU foam Rectangular 

block/vertical 

(0.125) 

Electrical heater 

(115 W and 250 

to 300 s) 

Forward 0.15 30 to 60 42.5±7.5 4.5 or 5.5 5±0.5 Within 

the 

sample 

09:12 [179] 

NFR PU 

foam 

Rectangular 

block/vertical 

(0.125) 

Electrical heater 

(23.25 W and 

11.7 min) 

Forward 0.5 25 and 40 35 and 40 8 and 8.75 8 and 8.75 Within 

the 

sample 

17:00 

(~16:00ǂ) 

[180] 

PU foam 

(NFR and 

FR) 

Rectangular 

block/vertical 

(0.125) 

Smouldering: 

Electrical heater 

(23 W for NFR 

foam and 115 W 

for FR foam) 

Forward 0.5 (NFR) 15 to 35 0.2±0.02 

(NFR 

foam)  

7.25 to 8.75 

(NFR)  

5±0.5 (NFR 

foam) 

Within 

the 

sample 

~18:00 

(NFR 

foam at 

21 Vol% 

O2 and 8 

kW/m2) 

[181] 

Pilot ignition: 

resistance wire 

(8.8 A for NFR 

foam and 10 A 

for FR foam) 

0.15 (FR) 0.28±0.05 

(FR 

foam) 

4.5 and 5.5 

(FR) 

8±0.61 (FR 

foam)  

NFR PU 

foam 

Rectangular 

block/horizont

al (0.23)#3 

Cigarette 

ignition 

Lateral in natural 

convection 

N/A 21 21 None None N/A ~50:00 [187] 
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NFR PU 

foam lined 

with cotton 

fabric 

Rectangular 

block/vertical 

(0.3) 

Electrical heater 

rod (Diam. 0.64 

cm, 11 W DC) 

Upward natural 

convection 

N/A 21 21 None None Free 

surface 

14:00 to 

60:00 

[188] 

NFR PU 

foam 

Rectangular 

block/vertical 

(0.381) 

Electrical heater 

(70 W and 50 

min) 

Forward 0.78±0.48 21 21 N/A N/A Within 

the 

sample 

56:54 to 

127:36 

[189] 

NFR PU 

foam 

Rectangular 

block/vertical 

(0.406) 

Electrical heater 

(70 W and 50 

min) 

Forward 0.25 and 0.75 21 21 N/A N/A Within 

the 

sample 

96:00 to 

113:00 

[39] 

NFR PU 

foam 

Rectangular 

block/horizont

al (0.45) 

Heating element 

(N/A) 

Lateral in natural 

convection 

N/A 17 to 62 27.7±8.1 N/A N/A N/A N/A [174] 

Red oak & 

White pine 

U-shaped 

rectangular 

block/horizont

al (0.74) 

Electrical heater 

(N/A and 60 

min) 

Forward, 

opposed, and 

mixed 

0.23±0.03 21 21 N/A N/A Free 

surface 

N/A [172] 

Upholstered 

furniture 

Upholstered 

shapes and 

orientations 

(N/A) 

Cigarette and 

electrical 

ignition (N/A) 

N/A N/A 21 21 N/A N/A In the 

crevice 

between 

two 

cushions 

18:00 to 

306:00 

[190–192] 

Cedar, 

Douglas-fir, 

Redwood 

Slab/horizontal 

(1.2) 

Firebrand 

showers 

(17.1±1.7 g/m2s) 

Forward and 

opposed 

(simultaneously) 

6 21 21 N/A 

(ember(s) 

shower) 

N/A 

(ember(s) 

shower) 

Free 

surface 

05:56 to 

19:40 

[162] 
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oriented 

strand board 

(OSB); 

roofing 

assembly 

(OSB, tar 

paper, and 

shingles); 

and dried 

pine needles 

and leaves 

Valley 

configuration 

of OSB; and 

flat 

configuration 

of roofing 

assembly with 

attached gutter 

filled by dried 

pine needles 

and 

leaves/angled 

position (1.22) 

Firebrand 

showers (up to 

0.4 g and 6 min) 

Forward and 

opposed 

(simultaneously) 

7 21 21 N/A 

(ember(s) 

shower) 

N/A 

(ember(s) 

shower) 

In the 

crevice§ 

and in the 

gutterȢ 

N/A [41] 

Cotton Cuboid/vertical 

(0.15) 

Electrical heater 

(12.8 kW/m2 and 

24 min) 

Upward natural 

convection#4 

N/A 21 21 None None Within 

the 

sample 

117:00, 

118:00, 

133:00 

[193] 

OSB Slab/horizontal 

(0.18) 

Fire brand (L 

25.4 mm x Ø 

6.35, 9.52, 12.7 

mm x piles (1 

brand, 20 g, 50 

g, and 100 g)) 

Forward and 

opposed 

(simultaneously) 

1.84 21 21 N/A 

(ember(s) 

deposition) 

N/A 

(ember(s) 

deposition) 

Free 

surface 

~01:30 [44] 

¶ No transition to flaming in samples with particle diameters less than 0.1 cm 

Ɨ Computationally predicted by Yang et al. 2018 

ǂ Computationally predicted by Dodd et al. 2012 

*  Transition to flaming only occurred once in thin filmy pieces of bran 

§  For material construction of valley configuration with only base material (oriented strand board) 

Ȣ  For the flat configuration of roofing assembly attached with gutters filled by dried pine needles and leaves 

#1  Diameter varied from 0.0027 to 0.0054 m 

#2  Depth varied from 0.1 to 0.2 m 

#3  Width varied from 0.08 to 0.16 m 

#4  Sample was in a cube shape and ignited at the bottom 
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In all investigated consolidated WUI fuels (Table 4.2), the StF transition 

occurred only if the smouldering sample was assisted with heat insulation, heated 

boundaries, and increased ambient oxygen concentration [39,174,178–

181,187,189]. However, this finding is not the case when there is a radiation 

exchange between smouldering char surfaces [172,186,188]. In this case, the 

critical airflow velocity of the StF transition can be lower than 1 m/s, even without 

assistive external heating and elevated ambient oxygen concentration. Ohlemiller 

[172] found that the StF transition consistently occurred in both forward and 

opposed smouldering for airflows between 0.2 and 0.25 m/s with a smouldering 

sample in a U-shaped geometry. The U-shaped geometry increased the radiation 

heat exchange between the smouldering surfaces of a wood sample. The increased 

radiation exchange is also the prominent factor in the StF transition mechanism 

hypothesised from a series of upholstered furniture fire tests [190–192], as 

discussed further in the next section. 

 

4.3. The chimney effects 

Many StF transition investigations, especially for upholstered furniture, 

were conducted during the 1970s and 1980s due to the concern of residential fires 

in which cigarettes were considered to be the major cause of ignition [190,194]. 

From a series of tests with assorted sofas, chairs, mattresses, and box springs as 

test materials, the time to StF transition occurred from 20 to 132 min [194–197]. 

It was not until the fire tests conducted by Ogle and Schumacher [192] that the 

mechanism leading to the StF transition was proposed. The proposed mechanism 

emphasised the role of oxygen supply and air current in inducing the StF 

transition. Ogle and Schumacher [192] performed 11 fire tests on 10 upholstered 

furniture items, where seven tests were ignited by a smouldering cigarette and 

four using a flaming liquid fuel. The StF transition was preceded by a “burn-

through” of the smouldering cigarette at a crevice location of upholstered furniture 

(Figure 4.4). This “burn-through” is downward smouldering cigarette propagation 

through the crevice of cushions forming a narrow vertical channel due to 

smouldering consumption of the cushion material. The formation of this narrow 

vertical channel enhances the air entrainment to the smouldering zone from below 

due to the chimney effect. The greater air entrainment increases both oxygen 

supply to smouldering reaction and convective heat losses. However, the 

convective heat losses are compensated for by the radiation exchange between the 

two smouldering surfaces facing each other, which are also more exothermic due 

to the enhancement air entrainment. This leads to vigorous smouldering which is 

favourable for the StF transition. 
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Figure 4.4. Enhanced oxygen supply in the channel formed by downward smouldering 

propagation of an ignitor at the crevice location of two adjacent solid fuels. The enhanced 

airflow increases the oxygen supply to the smouldering fuel, leading to a more exothermic 

smouldering reaction. This figure is an adaptation from [192]. 

The radiation exchange between the two smouldering char surfaces in a 

vertical channel influences the StF transition and induces a StF transition even 

at low airflow velocities, i.e., 0.1–0.27 m/s [172,186]. In experiments of chimneys 

with different shapes, i.e., square, rectangular, and slot shaped, conducted by 

Alexopoulos and Drysdale [186] (Figure 4.5a), the time to StF transition was found 

to be independent of airflow and shortest in the chimney shape with the narrowest 

vertical channel space, i.e. the slot-shaped chimney (Figure 4.5b). The 

temperatures inside the vertical channel, i.e., T1 and T2 (Figure 4.5a), were higher 

in the slot-shaped chimney than in the square and rectangular chimneys. This 

temperature trend and independence of the StF transition time to airflow imply 

that conservation of heat governs the StF transition mechanism along with oxygen 

supply. This result is in agreement with recent findings by Stoliarov et al. [188], 

who performed a series of experiments of smouldering PU foam under natural 

convection with an adjustable vertical channel gap between the front face of the 

PU foam and a thermal insulation plate (Figure 4.6A). With a large gap, the 

oxygen supply was adequate, and smouldering was the dominant reaction (Figure 

4.6B). With a smaller gap, smouldering was not the dominant reaction due to 

insufficient oxygen supply (Figure 4.6C). With the availability of heat from 

smouldering and a deficient oxygen supply, pyrolysis was more intense in the 

smaller gap configuration than in the larger channel gap configuration, leading to 

more pyrolyzates being produced. Moreover, a smaller gap might result in a higher 

concentration of pyrolyzates inside the channel (Figure 4.6B). The StF transition 

then occurred when the pyrolyzates were heated by char oxidation up to the point 
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where the pyrolyzate temperature and concentration were above the lower 

flammability limit. In this case, the StF transition was a piloted ignition of 

pyrolyzate by char oxidation. This finding was also observed by Alexopoulos and 

Drysdale [186], who found that the StF transition time was longer in wider vertical 

channel gaps. In another study of StF transitions in small Pinus pinaster wood 

samples with dimensions of 11 by 11 by 1.9 cm, Bilbao et al. [177] found that the 

radiative heat flux affected the time to StF transition more than convection. A 

previous ignition study of polyurethane foam found that the critical radiation heat 

flux to ignite smouldering is lower than that to ignite flaming combustion and 

decreases with sample size [38]. This result represents the important role of 

radiation heat transfer in smouldering and the following possible StF transition. 

 
Figure 4.5. StF transition experiments in a chimney of fiber insulation board [186]. (a) 

Experimental setup of chimney configuration. (b) Time to StF transition vs. airflow. Data 

from [186]. 

 
Figure 4.6. StF transition experiment by Stoliarov et al. [188]. (A) Experimental setup. 

(B) Experiment in which the StF transition did not occur due to a large channel gap. (C) 

Experiment in which the StF transition occurred due to a small channel gap. Solid blue, 

dotted black, and solid beige arrows indicate oxygen supply, gases and aerosol products 

from char oxidation, and pyrolyzates, respectively. 
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The mechanism of the StF transition at a crevice location is particularly 

important in WUI fires, i.e., where two or more fuels abut each other such as in 

wood decks and house roofing. The deposition of embers in a crevice of these fuels 

has been experimentally investigated as a favourable location for ember 

accumulation that leads to a StF transition [41,162]. Fundamentally, this follows 

the same mechanism as that shown in Figure 4.4. In addition, wood was found to 

crack during smouldering. This cracking leads to local crevice formation on the 

wood surface, leading to a StF transition without heating support from embers 

[172]. 

 

4.4. Secondary char oxidation 

The mechanism of the StF transition due to strong secondary char oxidation 

(SCO) was first proposed by Torero and Fernandez-Pello [175], who conducted an 

experimental study of upward smouldering combustion of polyurethane foam in 

natural convection (Figure 4.7a). In this experiment, the StF transition was 

preceded by a second oxidation of char, which was more exothermic than the first. 

This mechanism is best discussed by referring to Figure 4.7b. Upward 

smouldering propagation was initiated from t1 to t2. At time t2, the ignitor was 

turned off. By this time, smouldering had propagated up to the P5 position. 

Temperatures at P1 to P4 can be observed to decrease, with the temperature at P1 

decreasing the most. The smouldering spread rate decreased, as indicated by a 

slower temperature increase in downstream positions, i.e., P6 and P7. P5 and P6 

reached a plateau of the pyrolysis temperature (Tp) by the time the experiment 

approached time t3. Thus, smouldering fronts propagated to these positions. SCO 

occurred between times t3 and t4. In this time period, the large temperature 

increase at P1 indicates a strong char oxidation in the char layer upstream of the 

smouldering fronts, which is the second char oxidation in that layer. Hence, the 

name secondary char oxidation is assigned to this process. 

Extinguishment of char oxidation at P1 is not observed prior to SCO since 

temperatures were still relatively high (∼500 – 600oC). However, its rate of 

exothermic reaction decreased, as indicated by the temperature decreases, most 

likely because of the absence of heating from the ignitor. It can be hypothesised 

that as the smouldering leading edge moved downstream to P6, the smouldering 

trailing edge was still around P1. This process resulted in increases in the 

smouldering front thickness as smouldering propagated. The term SCO then 

represents a sudden increase in the exothermic reaction rate at the smouldering 

trailing edge. 

Due to oxygen consumption by secondary char oxidation (SCO), the oxygen 

concentration was depleted and unable to sustain further oxidation. During this 

time, t4 to t5, endothermic pyrolysis reactions induced by heat provided by previous 

SCO took place and produced flammable pyrolyzates, as indicated by the 
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decreasing temperature. Whether char or unreacted PU foam undergoes pyrolysis 

remains to be determined. Computationally, the pyrolysis of char is one of the key 

reactions leading to the StF transition [198]. 

 
Figure 4.7. (a) Experimental setup by Torero and Fernandez-Pello [175]. (b) Schematic of 

the temperature distribution in the experiment that led to the StF transition. Figures are 

redrawn and simplified from the original in [175]. Tp and Tf are the temperatures at which 

PU foam undergoes pyrolysis (300oC) and the approximate flaming temperature of PU 

foam (900–1,000oC). 

Once the oxygen concentration naturally increased again and mixed with the 

pyrolyzate gases bringing the mixture to within the flammability limits, StF 

transition occurred (t5 in Figure 4.7b). This mechanism is consistent with the 

smouldering of cotton under asymmetric boundary conditions [193]. The 

asymmetric boundary condition was when one face of the cotton sample was closed 

by a concrete wall. Under this condition, the StF transition occurred due to the 

slower smouldering spread rate at the closed face than at the open face. One would 

argue that at the closed face, pyrolysis was more dominant than smouldering due 

to the insufficient oxygen supply because of the closure by the concrete wall. 

Pyrolysis provided pyrolyzates that were then ignited by heat provided by 

smouldering at the open face. 

Figure 4.8a shows a visual observation of the StF transition in a 40-cm-long 

PU foam slab during upward propagation. In this experiment, one lateral face of 

the PU foam was exposed to radiant heat flux, the bottom face was in contact with 

a heater, and the top face as well as the three remaining lateral faces were 

insulated [1,169]. Chao and Wang [182] experimentally investigated the StF 

transition in PU foam in horizontal propagation under natural convection and 

found SCO prior to the StF transition. The probability of transition increased with 

the length of the PU foam. 
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Figure 4.8. (a) Series of photographs of a combustion experiment illustrating the 

transition to flaming in a smouldering polyurethane slab 40 cm high under external forced 

flow (photo by the group of Prof. Carlos Fernandez-Pello, University of California at 

Berkeley). After 1 h of burning, only half of the sample smouldered (photo 1, far left). 

When the transition took place (photos 2 and 3), the whole sample was engulfed in flames 

in a few seconds (photos 4 and 5, far right). (B) Experimental setup of a series of works by 

Prof. Fernandez-Pello at the University of California at Berkeley, USA 

[39,178,180,181,198]. Figure is redrawn from the original version in [180]. Figure on the 

left shows radiant-exposed face of the figure on the right. 

Recent findings on secondary char oxidation (SCO) were derived from 

collective works of smouldering PU foam with variable oxidiser supply and radiant 

heat flux, as shown in Figure 4.8b [39,178,180,181,198]. The location of the strong 

char oxidation upward from the smouldering front, thus located in the char layer 

upstream of the smouldering leading edge, was confirmed by Tse et al. [39], who 

measured the evolution of permeability inside the PU foam with ultrasonic 

imaging. The permeability substantially increased as char continued to react. This 

reaction leads to the formation of voids that provide favourable locations for 

combustible gas accumulation, thus favouring the StF transition. The SCO, which 

is more exothermic once reacted, acted as the ignition source for the accumulated 

gas in the void. 

Putzeys et al. [180] measured the intensity of SCO and concluded that the 

direction of SCO was downward, while the primary smouldering front was upward. 

This SCO propagation direction was computationally proven by Dodd et al. [198], 

who developed a two-dimensional numerical transport model to predict the StF 

transition of PU foam in the study by Putzeys et al. [180]. In Dodd et al. [198] 

model, there are seven heterogeneous reactions with one global homogeneous gas-

phase reaction. Four reactions were important in the model for the StF transition 

to occur. These reactions are the pyrolysis of thermal char, oxidation of α-char, 

oxidation of char that produces α-char, and flaming combustion of gaseous fuel. In 

this scheme, SCO is the oxidation of α-char. The results by Dodd et al. [198] for 

temperature and transition time agreed well with the experimental results by 

Putzeys et al. [180]. 
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In the kinetic model in [198], secondary char oxidation (SCO) is important in 

providing gaseous fuel and heat required to ignite flaming combustion. This 

gaseous fuel is produced from SCO and thermal char pyrolysis. Thus, SCO 

provides gaseous fuel and heat. In addition to sustaining the thermal char 

pyrolysis which provides the pyrolyzates, heat also acts as the ignitor of the 

produced gaseous fuel/air mixture once it is above its lower flammability limit. 

This finding is related to the mechanism proposed by Torero and Fernandez-Pello 

[175]. To computationally reproduce the experimental work of smouldering 

cellulosic insulation in [171], Yang et al. [199] found that char oxidation and 

pyrolysis of cellulose provide gaseous fuel, while the ignitor is the hot char at the 

surface of the cellulosic insulation (Figure 4.9). There is no SCO in this model. In 

conclusion, gaseous fuel is simultaneously produced by char oxidation and 

pyrolysis reaction (Figure 4.9). Whether the prominent pyrolysis reaction takes 

place on unreacted fuel or char still needs to be determined. 

 
Figure 4.9. Reaction schematics of organic matter undergoing pyrolysis (Eq. 1.2), 

smouldering (Eq. 1.3), and flaming (Eq. 1.4). StF transition occurs when oxidation 

reaction of pyrolyate (Eq. 1.4) occurs alongside oxidation reaction of char (Eq 1.3). Solid 

black lines indicate reaction representing Eq. 1.2–1.4) in this paper; dotted red line 

indicates heat feedback from exothermic reaction; blue line indicates evaporation of MC 

in the fuel (Eq. 1.1); dotted green line indicates pyrolyzate gases production from char 

oxidation as concluded in [180,198,199], and dotted blue line indicates heat feedback from 

char oxidation that ignite flaming reaction as concluded in [39,175,180,198,199]. Figure 

after diagram in Lin et al. [200]. 

 

4.5. Permeability and consolidation 

Two material properties that particularly seem to control the location of the 

transition are permeability and consolidation. Permeability is a property of a 

porous material that represents the ability of fluid to flow through that material 

[201]. This review proposes a material property, namely, consolidation, that 

represents a material’s ability to not collapse during burning and thus remain 
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consolidated. For example, consolidated materials are synthetic polymers and 

solid wood (embers, timber, and tree trunks), and unconsolidated materials are 

peat soils and the litter layer made of loose materials such as peat grains, leaves, 

and needle vegetation. In organic soils, the degree of consolidation depends on the 

degree of decomposition of parent materials. For example, the presence of partially 

decomposed hardwood, natural fibers, and tree roots can make organic soils 

remain consolidated during burning, and once these parent materials are 

consumed, the organic soils become unconsolidated. 

For consolidated materials with high permeability (e.g., PU foam) (Figure 

4.10a), the location of the StF transition tends to be initiated within the material 

[39,178,180,181,198]. The high permeability of a material allows oxygen to flow 

inside the fuel bed. Consolidation of the fuel bed allows the fuel to remain intact 

as smouldering propagates within the material and forms void spaces. The 

formation of void spaces is confirmed by the increasing internal permeability of 

the fuel during smouldering prior to the StF transition [39,180]. This void then 

becomes the favourable space for gaseous fuel to accumulate. The heat produced 

from the more exothermic char oxidation will ignite the gaseous fuel in the void 

spaces (Figure 4.10a). 

 
Figure 4.10. Smouldering-to-flaming transition location with respect to permeability and 

consolidation of the material. (a) High permeability and consolidated material, i.e., 

polyurethane foam, cotton cladding, upholstery material. (b) Low permeability and 

consolidated material, i.e. wood. (c) High permeability and unconsolidated material, i.e. 

dust layer, cellulosic insulation, and organic soil. 

For low permeability and consolidated material (Figure 4.10b). Smouldering 

propagates at the surface of the material since the oxygen diffusion inside the 

material is limited. At the surface, the smouldering front also undergoes high 

convective heat losses. To be self-sustained, smouldering needed to be assisted 

with decreasing heat loss or external heat flux, i.e., a U-shaped fuel geometry to 

maximise radiation heat exchange between the smouldering surfaces or deposited 

embers on fuel bed surface [41,44,158,159,162,163,172,184]. Under this condition, 

the transition tends to occur at the surface of the material. Bilbao et al. [177] 

conducted an experiment with small P. pinaster wood, i.e., dimensions of 11 by 11 

by 1.9 cm, under radiative heat flux and forced convection. They found that 
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radiative heat flux affected the time to StF transition more than convection did, 

implying that the low permeability of the material made the smouldering less 

dependent on airflow and that minimising convective heat losses by assisting 

smouldering with radiative heat flux governs the StF transition. 

In high permeability and unconsolidated materials (Figure 4.10c), the fuel is 

not able to maintain its structural integrity during burning and thus immediately 

collapses during fuel consumption. The fuel in this category includes fuel beds 

made of dusts, cellulosic insulation, vegetation (grasses and pine needles), and 

organic soils. Most wildland fuels fall in this category, except wood, which is a 

consolidated fuel with low permeability. In the smouldering of this fuel category, 

the transition tends to occur at the surface of the fuel bed [43,167,171,183–

185,199]. 

For solid fuels that have high permeability and an intermediate degree of 

consolidation during smouldering, such as peat, an overhang can form and collapse 

during fire spread [53]. An overhang is a temporary hanging surface of burning 

organic soil, where its intermediate layer below has been consumed (Figure 4.11). 

An overhang is formed because of the faster horizontal spread rate a few 

centimeters below the surface due to the reduced convective heat losses compared 

to the free surface of the organic soil fuel bed [1,53]. The collapse of the peat 

overhang is because the char layer is gradually consumed and can no longer 

support the weight of the above soil. Currently, in the literature, there is no 

mention of StF transition during overhang formation. However, the possible 

influence of intermediate consolidation of peat represented by overhang formation 

and collapse on the StF transition could still be explored since overhang formation 

and collapse are also recent findings, and their scope of influence on fire dynamics 

has not yet been identified. 

One of the difficulties in mitigating peat fires is its propensity to spread deep 

below the ground [1,11,12], hence the deep penetration of oxygen diffusion to the 

smouldering peat. Considering permeability alone, subsurface smouldering 

propagation can lead to resurfacing of smouldering that can lead to a StF 

transition. The resurfacing of an underground smouldering front is made possible 

because of the consolidation of the char layer left behind by oxygen – limited 

smouldering propagation [100]. 

Another parameter found to affect the StF transition, in relation to 

permeability, is the particle diameter of the fuel bed. For natural fuel beds filled 

with particles, the permeability is proportional to the square of the particle 

diameter (𝐾~𝑑𝑝
2) [202]. The particle diameter also affects the heat exchange and 

mass transfer between the solid matrix and porous pores, thus influencing the 

chemical reactivity. With increasing particle diameter, the StF transition occurred 

at a lower critical velocity, which is the velocity at which the StF transition occurs. 

In smouldering dust beds, the StF transition did not occur when dust particles 

were < 0.1 cm [167]. An increase in particle diameter leads to an increase in the 
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total pore surface area and a decrease in the specific surface area (SSA: total 

surface area of the fuel bed per unit volume or mass) of the fuel bed. Song et al. 

[203] investigated the particle diameter effect on the reaction rate of a 

heterogeneous coal reaction. Knudsen (intra-particle) diffusion, which is the 

diffusion of a gas, in this case oxygen, into the interior of particles decreases with 

increasing particle diameter due to increasing pore surface area or permeability. 

The decrease in Knudsen diffusion decreases the overall reaction rate of coal 

oxidation by up to 50%. This finding is contrary to that by Palmer [167], where 

increasing particle diameter leads to an increasing tendency for the StF transition. 

The effects of particle diameter on the Knudsen oxidation rate and StF transition 

need to be investigated further. Currently, the influence of specific surface area to 

StF transition cannot be assessed at this point because there are no data available 

in the literature. 

 
Figure 4.11. Schematic diagram for the periodic formation and collapse of overhang in 

smouldering spread over wet peat: (I) soon after ignition, (II) formation of the overhang, 

(III) collapse and consumption of the overhang, and (IV) formation of a new overhang. 

Illustration from [53] (X. Huang, CC BY license). 

4.6. Embers and StF transition in wildfires 

Embers contribute to the devastating spread of wildfires by being lofted in 

the fire plume and carried vast distances by strong winds [40,204,205]. Embers, 

commonly called firebrands and different from hot metal fragments, are 

combustible and rich in carbon. The accumulation of these embers can start local 

smouldering and, in some cases, exhibit StF transitions that result in fire spread 

far beyond the original fire front. This behaviour is also known as spotting (Figure 

4.2). Field observations of StF are hard to find in the scientific literature, but a 



87 

 

few exist. Pagni [204] qualitatively described the 1991 Oakland Hills wildfire in 

California, USA, during which embers landed on a downwind region of high fuel 

load and led to a massive fires conflagration. The report mentions “flaming debris,” 

but we can infer that this term represents a broad range of burning embers, 

including smouldering embers. This wildfire burned 600 ha, caused 25 fatalities 

and damaged 2,334 structures [204]. The wind was dry and of high velocity (∼10 

m/s), with a strong inversion layer of 600 m, and on a complex hill topography. 

Field observations of the role of smouldering ember were also recorded in the 1994 

South Canyon Fire in Colorado, USA. This fire suddenly shifted from a slow 

surface fire to a fast crown fire, causing the deaths of 14 firefighters. The surface 

fire included flaming grass and smouldering litter, with occasional torching of 

individual trees, which when combined produced flying smouldering embers. This 

result could imply that the shift from low – to high – intensity fire could have 

involved the StF transition of smouldering embers. From the survey conducted 

after the January 1994 wildland fires in Sydney, Australia, 52 of the WUI 

materials were ignited by embers while the rest, i.e., 18, were ignited by radiation 

[206]. In another investigation, Maranghides and Mell [207] concluded that 55 of 

74 destroyed homes were ignited by embers, 80 min before the arrival of the fire 

front. This is in agreement with Bell [208], concluding that radiation alone is 

rarely the cause of house to be lost. 

Manzello et al. [183] investigated the ignition of pine straw mulch, shredded 

hardwood mulch, and cut grass by embers. Fuel MC was either dry or 11% MC 

and placed inside an aluminium foil pan with dimensions of 23 by 23 by 5.1 cm. 

The StF transition occurred when four smouldering firebrands 50 mm in diameter 

were deposited on the samples and exposed to an airflow of 1 m/s. This airflow was 

lower than the critical velocity of 2 m/s for the StF transition in cellulosic 

insulation [171], which may be due to the difference in material or the enhanced 

radiation feedback between the sample and the firebrands, resulting in more 

intense smouldering. 

To focus the investigation on the ignition of fuel beds, embers can be 

represented as hot metal particles [43,209]. This approach eliminates the 

complexity of the ember reaction process, its variable heat release, and coupled 

heat transfer interaction between the fuel bed and embers. In addition to these 

conveniences in investigating fuel bed ignition by hot metal particles, real 

wildfires are often initiated and accelerated by hot metal particles from clashing 

power lines and machine processes, such as grinding and welding [40]. A smaller 

particle size leads to a higher temperature required for the flaming ignition of 

cellulosic fuel beds [209]. Particles as small as 19.1 mm with a temperature of 

650oC can initiate flaming combustion. Embers with sizes ranging from 25 to 50 

mm have been found in studies investigating StF transitions [41,44,183,184]. In 

pine needle beds, the time to StF transition was ∼2.5–5 min at particle 

temperatures within the range of smouldering temperatures, ∼630–700oC [43]. 
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For drier fuel, the StF transition propensity increases, represented by the 

decreased StF transition time to as short as ∼2 min in fuel with ∼6% MC. In all 

cases, a larger particle size requires a lower particle temperature to initiate the 

StF transition in pine needles at higher MC. In comparison, an increasing particle 

size from 8 to 14 mm at a particle temperature of 925oC placed on a fuel bed at 25% 

MC can lead from no ignition to the occurrence of a StF transition in pine needle 

beds. Another interesting finding related to hot metal particle ignition is the effect 

of the melting process of the metal. It was found that the melting of hot metal 

particles increases the propensity of smouldering ignition [210]. 

Considering the fire hazard of embers to WUI fuels, Manzello et al. [41] 

investigated the showering of firebrands on roofing assemblies. Roofing 

assemblies were varied into three configurations: (1) valley configuration of only 

base material, i.e., oriented strand board (OSB); (2) valley configuration of full 

roofing assembly, i.e., OSB, tar paper, and shingles; and (3) flat configuration of 

the roofing assembly with gutters filled with dried pine needles and leaves. A StF 

transition occurred on the (1) valley configuration of only base material and on the 

(3) flat configuration of the roofing assembly with gutters filled with dried pine 

needles and leaves. In configuration 1, the StF transition only occurred when the 

valley configuration was set at a 60◦ angle. The StF transition occurred due to the 

accumulation of firebrands in the crevice. The onset of the StF transition was on 

the back side of the OSB. In this case, the StF transition was due to the chimney 

effect, as discussed in the section The Chimney Effects. The chimney effects was 

more significant in this case than in the case of upholstered furniture fire due to 

a smouldering cigarette because the embers continuously accumulated in the 

crevice. In configuration 3, the StF transition was inside the gutter in the dried 

pine needles and leaves. The flame did not spread up to the roofing assembly. 

However, it was able to melt the shingles. It is not discussed whether flaming was 

preceded by smouldering of the dried pine needles and leaves or went directly to 

flaming. The time to StF transition was not recorded; however, the experiment 

was carried out in 6 min, and the StF transition occurred within that time frame. 

This StF transition time was significantly shorter than the recorded time of the 

StF transition in the upholstered furniture fire tests due to a smouldering 

cigarette, i.e., between 20 and 132 min [194–197]. Extrapolating the scenario of 

flaming from accumulated vegetation in the gutter, the melted shingles can lead 

to exposed wood roofing structures. With consistent ember showers lasting longer 

than 6 min and pre-heated and aged shingles, WUI fires can spread substantially 

through this mechanism. 

The short time to the StF transition in wildland and WUI fuels due to embers 

certainly shows the scale of wildfire threat, representing sudden fire spread in 

distant locations. More focused studies closely investigating the mechanism 

leading to the StF transition of the fuel due to embers are needed. Currently, in 

the literature, it is not clear whether the StF transition of the fuel is preceded by 
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sustained smouldering of the fuel or only by pyrolysis of the fuel. In the former 

case, smouldering or flaming embers ignite smouldering of the fuel up to the point 

where the fuel is self-sustained and spread is uninfluenced by heat from the 

embers. This self-sustained smouldering later transitions to flaming. In the latter 

case, the StF transition was piloted ignition of pyrolyzate from the fuel by 

smouldering embers. Thus, pyrolysis is supported by heat from smouldering 

embers, and flaming ignition of the fuel occurs in the vicinity of embers where heat 

is most available. In this case, the StF transition of the embers could also precede 

flaming ignition of the fuel, where flaming embers act as a heat source for the fuel 

pyrolysis reaction and pilot ignition of the pyrolyzates from the fuel [44]. The 

comparison of these two cases shows that the embers enhance flaming ignition of 

the fuel more in the latter case than in the former case, assuming that self-

sustained smouldering can take a long time to establish and has equal probability 

to extinguish as to transition from StF. 

Valdivieso and Rivera [185] investigated the StF transition in self-sustained 

smouldering of pine needle fuel beds with dimensions of 60 by 15 by 4 cm and, 

interestingly, they observed that the StF transition is a cyclic transition from 

smouldering to flaming to smouldering up to the point at which the whole fuel bed 

is consumed. This cycle occurred with a wind velocity of 1.1 m/s and a fuel MC of 

69% (dry mass basis). This cycle was also found in the StF transition of a cellulose 

fuel bed by Ohlemiller [171], and was argued to be caused by smouldering fronts 

that provide heat and pre-heated gaseous fuel. Because the smouldering process 

is at a lower rate than flaming, the gaseous fuel supply from smouldering fronts 

soon becomes insufficient to provide self-sustained flaming. In other words, self-

sustained flaming could be established if the heat feedback from flaming is 

sufficient to increase the smouldering rate at a required level of gaseous fuel 

production. Another way to interpret this cycle is that gaseous fuel is provided by 

in – depth pyrolysis of fuel. As smouldering progresses, the char layer forms and 

becomes thick enough to insulate the fuel, decreasing the pyrolyzate diffusion rate 

to flow outside the fuel bed to mix with oxygen. As smouldering progresses further, 

the char layer is consumed and becomes thinner. Under this condition, the 

pyrolyzate diffusion rate increases again and mixes with oxygen. The StF 

transition occurs once the pyrolyzate/oxygen concentration is above the lower 

flammability limit. However, whether the StF transition depends on the pyrolysis 

of unreacted fuel/char or the oxidation of char remains to be determined and could 

be fuel and experimental – setup – dependent. 

In general, currently there is insufficient statistics and observations of StF 

transition in field – scale wildfire. These statistics and observations are much – 

needed data to identify the large gap in the understanding of StF transition and 

wildfire spread. Largely, rekindle can be initiated by residual smouldering fuel, 

i.e., wood log, embers, and duff layer, transitioned to flaming, thus starting a new 

fire front. During the Portugal wildfire in the summer of 2010, rekindle accounted 
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for an additional 2,497 fires [211]. This put a massive burden to firefighters as 

they need to revisit a reignited fire while under immense pressure to suppress 

other untreated fires. Pacheco et al. [211] discussed the importance of mop – up 

operation to avoid rekindle. A recent example of rekindle was Canyon Fire 2 in 

California in October 2017, in which the fire was likely to be started by strong 

winds pushing smouldering embers from previous fires in late September in the 

same area [212]. Rekindle is also an issue when fires survive winter and reignited 

once weather is warming. This is especially a concern when fires could spread onto 

organic soils, which is essentially providing a massive amount of fuel supply [213]. 

Fires in organic soils have been known to survive under sub-atmospheric oxygen 

concentration and very wet conditions [1]. An example of this is the October 1997 

fire in Yeodene peat swamp, Australia. Three weeks after suppression, the fire 

was thought to be fully extinguished by means of visual observation and infrared 

signature from aerial operation. However, in March 1998, the fire reignited and 

burnt 680 ha of the peat swamp area [214]. Due to the unknown cause of the fire, 

Gunning [214] also mentioned the possible rekindle of fire in 1881, 1886, 2006, 

and 2010, emphasising that rekindle possibility can span across years. 

 

4.7. Conclusion 

In this chapter, 28 studies of StF transition reported in English published 

from 1957 to 2019 have been reviewed. As shown in Table 4.2, wildland fuels need 

more attention in terms of their combustion behaviour and StF transition, as only 

three of the 28 studies observed StF transitions in wildland fuels. By critically 

reviewing findings in the literature, oxygen supply and heat flux are identified as 

the primary variables governing the StF transition. Specifically, these two 

parameters govern the StF transition in fuel subject to external airflow, fuel in a 

narrow vertical channel configuration, and fuel that undergoes more exothermic 

SCO. Afterwards, a fuel classification based on the permeability of the fuel and 

the ability of the fuel to remain consolidated during burning is proposed. These 

two properties of the fuel affect the oxygen supply and heat transfer during fuel 

combustion, thus affecting the StF transition. 

In essence, the StF transition is a spontaneous gas-phase ignition supported 

by the heat and reaction from smouldering [39,169,178,180,181,199]. Mechanisms 

leading to StF transition are governed by complex interactions of heat transfer 

and chemistry. From studies of widely different experimental setups on samples 

ranging from 0.1 to 1.2 m (Table 4.2), two variables are found to govern the StF 

transition, i.e., oxygen supply and heat flux. Airflow has a dual effect on 

smouldering. Airflow increases the oxygen supply to the fuel, thus increasing the 

reaction rate of an oxygen-limited spread, which favours the occurrence of the StF 

transition, but it also increases convective heat losses from the smouldering front, 

thus decreasing the tendency of the StF transition. The external supply of heat 
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flux minimises heat loss and assists the fuel heating required for self-sustained 

smouldering progress and pyrolyzate production. Assistive fuel heating can be in 

the form of external heat flux such as embers in the case of WUI fires or from 

pertinent features of the fuel configuration such as when heat loss is minimised 

by the possible presence of radiation exchange between smouldering surfaces, i.e., 

smouldering at the fuel crevice or smouldering in U-shaped fuels 

[41,44,158,159,163,172,186,188,192]. 

Vertical channel formation in smouldering at a crevice leads to radiation 

exchange between smouldering char surfaces and the chimney effect, increasing 

airflow from the buoyant flow [41,188,192]. The radiation exchange between 

smouldering surfaces leads to more effective heating, while buoyant flow increases 

the oxygen supply to smouldering fronts. The radiation exchange between surfaces 

minimises the convective cooling effect from the increased buoyant airflow. This 

mechanism is most relevant to WUI fires [41]. The StF transition is favourable at 

crevice locations in between smouldering fuels, i.e., embers at crevices of wood 

decks or house roofing, leading to increased buoyant flow through a vertical 

channel insulated by the char layer, thus minimising heat losses. 

Strong char oxidation triggers a StF transition, as it provides heat to 

accelerate gaseous fuel production from pyrolysis and to ignite gaseous fuel 

[39,175,178,180,181,198,199]. Whether pyrolysis takes place in unreacted fuel or 

char remains to be determined. SCO represents a sudden increase in the 

exothermic reaction rate at the smouldering trailing edge and releases more heat 

than the previous char oxidation at the same location. The role of this strong char 

oxidation in providing the required gaseous fuel, and regarding its sequentially 

secondary nature, needs to be further explored in different types of fuel and 

experimental setups. 

Permeability and consolidation of the fuel bed control the location of the StF 

transition. Both parameters control the propagation of smouldering fronts, 

ultimately dictating the location of the StF transition [39,180,198]. Permeability 

controls the diffusion of oxygen penetration into the fuel bed, while consolidation 

controls the availability of space for smouldering to propagate within the fuel bed. 

Consolidated fuel with high permeability, such as open-celled polyurethane foam, 

tends to have a transition initiated close to the surface but within the fuel bed. 

Consolidated fuels with low permeability such as wood and unconsolidated fuels 

with high permeability such as cellulosic insulation tend to undergo transition at 

the surface. In a fuel bed such as peat, which is highly permeable and 

unconsolidated, overhang formation and collapse could alter the StF occurrence 

due to intermediate production of a char layer that has a tendency to hold its 

structural integrity but lose it once undergoing further smouldering, leaving only 

ash. 

Deposited embers on a fuel bed increase the propensity of StF due to the 

embers’ role in assisting the fuel heating process. In wildfire propagation, embers 
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contribute to spotting and the quick initiation of new flaming sites [40,155,157]. 

The recorded StF transition time from studies of embers deposited on WUI and 

wildland fuels is < 10 min and decreases with drier fuel [41,201]. With the 

predicted drier climate in the future, faster and more widespread propagation of 

WUI fires is to be expected. Considering that population movement contributes to 

the increase in WUI fire frequency [26,215–217] and that current WUI fuels are 

vulnerable to StF transitions due to embers [162], more studies should investigate 

the design of smouldering – resistant material in the WUI area. Fundamentally, 

this calls for a better understanding of the StF transition mechanism. 

This chapter synthesises the research, identifies regions for further research, 

and provides information on various StF transition mechanisms in the literature. 

These mechanisms converge on two fundamental aspects, heat transfer and 

chemistry. As airflow has a chemical effect (providing oxygen for the exothermic 

reaction) and a heat transfer effect (convective cooling), vertical channel formation 

also similarly provides more oxygen (chemistry) from the buoyant effect and a 

more effective heating process from radiation exchange between smouldering char 

surfaces (heat transfer). A better understanding of heat transfer and the chemical 

reactions of the StF transition mechanism can lead to prospective opportunities to 

better mitigate wildfires and protect the WUI. In Chapter 5, a laboratory study 

conducted to study the effects of wind, thus oxygen supply and heat loss, on StF 

transition is presented. 
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Chapter 5  

 

The effects of pulse and continuous wind on the 

transition from smouldering to flaming combustion on 

wood 

 
Summary6 

Two combustion types, flaming and smouldering, are present in fires and one 

can led to the other. The transition from smouldering to flaming (StF) represents 

a drastic increase of fire hazards in terms of temperature, spread rate, and 

thermal power.  Currently, the understanding of the mechanism of StF transition 

is limited to a small number of studies in the literature implying the role of air 

supply in providing competing effects on StF transition: positively by providing 

more oxygen, and negatively by taking heat via convective heat loss. Furthermore, 

the literature has only studied continuous wind while variation of wind speed 

occurs naturally especially in wildland environment. In this study, StF transition 

on a wood sample has been investigated in a rig designed to study the role of pulse 

wind. The rig designed in this study is characterized with wind temperature and 

speed errors of up to 4 and 11%, respectively, providing repeatable and reliable 

times for StF transition. With surface dimension of 10 × 10 cm2 and above the 

critical wind speed value of 3.1 m/s, the time to StF transition decreased with wind 

speed. Smouldering was not self-sustained with wind speed below 1.9 m/s, and no 

StF transition with wind speed between 1.9 to 3.1 m/s. The role of wind on oxygen 

supply on the StF transition is identified to be significant up to 9.1 m/s, above 

which the effect of oxygen supply is balanced by convective heat loss. With pulse 

wind, StF transition can take place up to ~5 min earlier. This indicates that pulse 

wind enhances the StF transition by first providing oxygen supply; and then once 

wind stopped, increasing the flow time and the concentration of pyrolyzates. The 

results from this study contribute to the understanding of StF transition 

mechanism.  

 

 
6 This chapter is based on “Muhammad A. SantosoCO, Eirik G. ChristensenCO, Guillermo Rein. The effects of 

pulse and continuous wind on the transition from smouldering to flaming combustion on wood. (to be 

submitted)” 
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5.1. Introduction 

The literature review of StF transition in Chapter 4 reveals that transition 

is governed by two processes, i.e. chemistry and heat transfer. Specifically, wind 

speed has been identified to influence StF transition occurrence [43,170–

172,178,185], and fundamentally has two competing effects on combustion process, 

i.e. oxygen supply and convective heat loss. In this chapter, the systematic 

investigation of wind effects on StF transition is presented. To focus on the 

fundamental influence of wind on StF transition, a solid fuel (wood slab) was 

chosen as the sample in this study. It is because this type of fuel has been observed 

to undergo transition to flaming during field experiments in Chapter 2 (Figure A 

2.9B), is easier to handle than peat and the mechanical disturbance effect of wind 

to particulate sample such as peat can be avoided. This chapter provides findings 

on the fundamental mechanisms on the effect of wind on StF transition in terms 

of transition time, transition probability, and the competing effects of chemistry 

and heat loss. 

 

5.2. Experimental method 

In this study, the StF transition was investigated on untreated pine sample. 

The sample was 10 × 10 cm2 and 2.7 cm depth. Prior to an experiment, the sample 

was dried for 48 hours in 80oC oven. Thus, the sample in this experiment can be 

assumed to be 0% MC, enabling this study to solely focus on the effect of airflow 

on StF transition, without disturbance from natural variation of wood MC. In 

addition, the typical range of wood MC of 10 to 20% has been reported to only 

contribute to 18% variation in charring rate [218]. However, this is not claiming 

that MC is not significant to StF transition, rather that the full understanding of 

StF transition is yet to be obtained. In another study, [219] found that the ignition 

time and critical mass flux (CMF) for sustained flaming of poplar wood increase 

with MC (ranged from 0 to 18% MC), indicating that MC might also affect StF 

transition occurrence. However, this MC effect is not currently investigated in this 

study which solely focus on the effect of airflow velocity on StF transition. 

Figure 5.1 shows the experimental rig in this study designed to investigate 

the effect of wind on the StF transition of a burning wood. The wind supplied by a 

blower (no. 6 in Figure 5.1) connected to a control unit (no. 7 in Figure 5.1) to 

maintain the airflow velocity. A heating coil was placed in the blower and the 

temperature was regulated using a thermocouple mounted near the outlet of the 

blower connected to a PID controller. In this study, the wind temperature was 

maintained at 30.5 ± 1.3oC. Measurements made in this study were mass loss 

(Mettler Toledo balance, resolution 0.01 g), visual and infrared (IR) imaging of the 

surface spread (GoPro and FLIR camera) and temperature-time histories using 

thermocouples (K-type thermocouples, 3 on the sample surface and 1 at the centre 

– 1.35 cm depth of the sample). Due to the wind exposure, the mass data was noisy 
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and filtered by Fast Fourier Transform – Moving Average (FFT-MA) across 30 s 

window. 

 
Figure 5.1. Diablo experimental rig. The name of the experimental rig refers to the hot 

and dry wind that occurs in the San Francisco Bay Area, contributing to the ignition and 

rapid fire spread in Northern California, USA [220]. The experimental rig aims to study 

the effect of wind on the StF transition of a burning wood by regulating both the wind 

velocity and temperature. (Photograph credit to Wuquan Cui). 

Smouldering was ignited by exposing the samples to an incident heat flux of 

25 kW/m2 from a cone heater for 10 min. During the ignition, the sample was 

already placed inside the reactor, with thermocouples placed on the sample 

surface and in 1.35 cm depth through the bottom face of the sample. This 

irradiation level was sufficient to establish smouldering combustion but low 

enough to avoid flaming ignition of the sample [221–223]. Ignition procedure in 

this study also agrees with [224] in which white pine sustained smouldering under 

incident heat flux of 25 to 69 kW/m2 for 12 to 15 min. Figure 5.2 shows a typical 

surface temperature of the sample in this study during ignition. The surface 

temperature increases rapidly at the early stage of ignition and then slowing down 

due to char layer formation. The steady state temperature reached after about 6 

min of ignition and stayed at about 500oC. This temperature well above the onset 

of wood smouldering identified in [221], i.e. 422oC, and well below flaming ignition 

temperature of 754oC [221], which obtained after 20 min exposure of 40 kW/m2 

heat flux. In another study with 10 × 10 cm and 3.8 cm depth of Canadian white 

spruce [225], the surface temperature after exposed to transient heat flux 

increasing linearly to 25 kW/m2 at 10 min was constant at ~400oC with no flaming 

ignition. Thus, the ignition procedure conducted in this study agrees well with the 

heat flux and exposure time in the literature to obtain smouldering ignition but 

well below conditions to incite flaming ignition. 
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Figure 5.2. Typical surface temperature of a sample during ignition protocol. The ignition 

protocol was exposing the sample with irradiation of 25 kW/m2 for 10 min to obtain 

smouldering ignition but low enough to avoid flaming ignition. 

After ignition conducted, the sample then immediately placed to the 

experimental rig, inside a reactor on top of a holder plate (no. 1 in Figure 5.1). The 

reactor was built using ceramic insulation boards (k = 0.7 w/m-K, ρ = 310 kg/m3, 

cp = 1090 J/kg-K), with internal dimension of 10 × 10 cm and 2.7 cm depth, to fit 

the sample with the same size. The reactor then placed on top of a holder plate 

with adjustable angle. In this study the angle of the reactor was set constant at 

45o (Figure 5.1). This angle enables the exposure of stagnation flow from the fan 

but with clear visual observation when flaming occurs. The effect of angle, thus 

resulting in a different wind profile when reaching on the sample surface, on the 

occurrence of StF transition was not investigated in this study. 

The sample was exposed to 6 different wind conditions, 1.9, 2.6, 3.1, 6, 9.1, 

and 11.8 m/s. The flow profile was characterized for each of these wind speeds by 

measuring the wind velocity at several points at the rim height (xy plane) of an 

empty reactor using a hot wire at several measurement points (Figure 5.3B). 

Figure 5.4 shows the characterized wind velocity on the six settings, obtaining tip 

velocity (𝑉𝑎,𝑡 ) at the center of the sample at 1.9±0.2, 2.6±0.1, 3.1±0.02, 6±0.1, 

9.1±0.1, and 11.8±0.1 m/s. These tip velocities correlate to the average of the 

velocity profile at 0.81, 0.95, 1.18, 2.14, 3.14, 3.96 m/s, respectively. Due to the 

orientation of the sample relative to the wind direction, the wind profile upon 

arrival to the sample surface will behave relatively similar to a stagnation flow. 

Thus, the reporting of the velocity variable in the subsequent discussion will be 

made based on the tip velocity rather than the average of the wind profile since 

the latter is not representing the boundary condition likely to be made when the 

characterized flow meet the sample surface. 
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Figure 5.3. Schematic of sample orientation to the wind direction. (A) Side view schematic 

of the sample placement showing the 45o orientation of the sample to the flow direction 

and (B) measurement points of the flow profiles characterization. 

 

 
Figure 5.4. Characterized flow at the six settings resulting in six different flow velocity 

profiles with tip velocity of 1.9, 2.6, 3.1, 6, 9.1, and 11.8 m/s, at the center of the sample 

surface. The flow characterization was made at the rim height of the reactor (xy plane in 

Figure 5.3B). Above figures are 𝑉𝑥𝑦 at x = 5 cm and bottom figures are 𝑉𝑥𝑦 at y = 5 cm, 

except for 𝑉𝑎,𝑡 = 2.6 m/s where the bottom figure is 𝑉𝑥𝑦 at x = 3 cm. 

Two series of experiments were conducted in this study, i.e. continuous wind 

and pulse wind. In continuous wind experiment, the wind was continuously 

exposed to the sample surface until either the sample completely consumed or 

extinguished. In this experiment series, the StF transition may occur during the 

wind exposure. The sample was deemed to be extinguished when the in-depth TC 

in the sample decreased below 100oC, no elevated temperature from surface TC, 

and there was no visible glowing char on the sample surface. Figure 5.5 shows an 

example of mass and temperature data of a sample which extinguished with no 

wind exposure. Without wind exposure, the sample burning rate, indicated by the 

mass loss rate, was decreased significantly in the first 5 min and then slowly 

extinguished at ~20 min, indicated by the decreasing in-depth temperature below 

100oC. Thus, the sample in this experiment, i.e. untreated pine wood with 

dimension 10 × 10 cm2 and 2.7 cm depth, will not self-sustain smouldering without 

the assistances of irradiation or wind to provide heat and oxygen supply. This 

figure also shows that at the start of the experiment, after the sample removed 

from the cone heater and immediately placed at the sample holder, the mass loss 

rate (MLR) was at ~1.8 g/min. This indicates that the sample was still smouldering 
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[219] and the time gap between the removal of the sample from the cone heater to 

the start of the wind exposure was not significant to the burning of the sample and 

the results presented in this study. 

 

    
(a)  (b) 

Figure 5.5. Experiment results with no wind exposure. (a) Average mass fraction (g/g) and 

MLR (g/min) of the sample, and (b) Surface and in-depth temperature of the sample. 

Clouds in these plots represent standard deviation from three experiments. 

Table 5.1. Matrix and summary of the total number of experiments conducted in this 

study. The temperature of the wind was maintained at 30.5 ± 1.3oC. 

Wind speed 

(m/s) 

Continuous wind Pulse wind 

Number of 

experiments 

Number of 

experiments 

Range of wind exposure 

duration (min) 

0 3 
Smouldering was not self-sustained 

1.9±0.2 3 

2.6±0.1 3 7* 5 to 50 

3.1±0.02 5 15 3 to 13 

6±0.1 4 10 1.3 to 5 

9.1±0.1 5 7 0.2 to 1 

11.8±0.1 5 7 0.1 to 0.6 

*Smouldering was weakly self-sustained and StF transition only occurred 1 out of 3 experiments 

in continuous wind experiments. The flaming from the StF transition was also not self-sustained 

and only lasted for ~4.5 min. In pulsed wind experiments, no StF transition was observed. 

 

In pulse wind experiment series, the wind exposure was stopped at a 

specified time by closing the wind diversion plate (Figure 5.1). This experiment 

series was conducted to investigate whether a sudden wind stop contributes to StF 

transition. In case of continuous wind exposure, the wind may disperse the 

pyrolyzate gases causing the StF transition to be delayed to a point in which the 

pyrolyzate production rate overcome the dispersion effect from the wind advection. 

With pulse wind experiments, the time at which StF transition occurred if there 
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is no wind advection can be identified. The wind exposure duration was increased 

gradually until StF transition consistently occurred upon the closing of the plate. 

In example, at 𝑉𝑎,𝑡 = 6 m/s, 10 experiments with different exposure duration (1.5 

to 5 min) were conducted where StF transition consistently occurred with exposure 

duration more than 4 min. Table 5.1 shows the matrix of experiments conducted 

in this study. 

 

5.3. Results and discussions 

5.3.1. Continuous wind exposure 
Figure 5.6 shows the mass fraction and mass loss rate (MLR) from continuous 

wind experiment series across six wind exposures. At 𝑉𝑎,𝑡= 1.9 ± 0.2 m/s (Figure 

5.6A), smouldering was not self-sustained and the MLR drastically decreased in 

the first 5 min followed by complete extinction at ~10 min. This implies that 

oxygen supplied by the wind at this speed was not sufficient to maintain char 

oxidation. At 𝑉𝑎,𝑡= 2.6 ± 0.1 m/s (Figure 5.6B), smouldering weakly sustained and 

self-sustainability of the smouldering is uncertain. In all of the three experiments 

conducted at this wind speed, MLR in all experiments were drastically decreasing 

in the first 5 min to ~0.5 g/min followed by extinction at 23.1, 73.7, 133 min in each 

of the 3 experiments.  StF transition occurred at 1 of the 3 experiments at this 

wind speed, when the smouldering sustained until 133 min. The flaming occurred 

at 𝑡 = 18.9 min, but only last for 4.5 min despite continuous wind supply. Thus, at 

𝑉𝑎,𝑡= 2.6 ± 0.1 m/s, smouldering was weakly self-sustained and the StF transition 

occurrence was inconsistence. 

 
Figure 5.6. Mass fraction and mass loss rate from continuous wind experiment series 

showing StF transition consistently occurred from 𝑉𝑎,𝑡= 3.1 ± 0.1 m/s. Clouds represent 
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standard deviation from experiment repetitions. (A) Experiments at 𝑉𝑎,𝑡= 1.9 ± 0.2 m/s (2 

repetitions). (B) Experiments at 𝑉𝑎,𝑡= 2.6 ± 0.1 m/s (2 repetitions). StF transition occurred 

in 1 out of 3 experiments at 𝑡 = 18.9 min (not shown here). (C) Experiments at 𝑉𝑎,𝑡= 3.1 ± 

0.02 m/s (4 repetitions). StF transition occurred in all 5 experiment at 𝑡 = 15.4 ± 1.2 min. 

(D) Experiments at 𝑉𝑎,𝑡= 6 ± 0.1 m/s (3 repetitions). StF transition occurred in all 4 

experiment at 𝑡 = 5.3 ± 1 min. (E) Experiments at 𝑉𝑎,𝑡= 9.1 ± 0.1 m/s (4 repetitions). StF 

transition occurred in all 5 experiment at 𝑡 = 2.6 ± 1.4 min. (F) Experiments at 𝑉𝑎,𝑡= 11.8 

± 0.1 m/s (4 repetitions). StF transition occurred in all 5 experiment at 𝑡 = 1.7 ± 1.1 min. 

At higher wind speed, from 𝑉𝑎,𝑡 = 3 to 12 m/s, StF transition occurrence was 

consistent (Figure 5.6C to F), occurring in all experiment repetitions. Figure 5.7 

shows snapshots of experiments at 3, 6, 9, and 12 m/s, showing the sample surface 

underwent smouldering at the start of the experiment to the StF transition up to 

the time when sample almost fully consumed. During ignition, the sample 

underwent strong smouldering indicated by glowing surface. Upon removal from 

ignition all sample ceased to glow and the surface of all samples were charred. 

However, as has been previously discussed and shown in Figure 5.5, the 

smouldering char was not extinguished yet. The time gap between sample removal 

from the cone heater to the start of the experiment was ~40 to 50 s. After 1 min of 

wind exposure at 3 to 12 m/s (Figure 5.7A to D), all the sample underwent strong 

glowing smouldering again, with different intensity according to the wind speed. 

At 3 m/s, burning rate was 2.5 ± 1.4 g/min and glowing smouldering propagate 

slowly on the sample surface. The propagation started at patchy locations, 

indicating preferable locations for smouldering to sustained in low oxygen supply 

rate. The cause of these separate locations of the start of smouldering propagation 

is uncertain, which probably caused by several factors such as non-uniform wood 

composition across sample (cellulose, lignin, and hemicellulose), non-uniform 

density and MC, grain direction or might be related to cracking lines which were 

formed during char layer formation. 
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Figure 5.7. Snapshots of smouldering sample surface across different wind speed and time, 

from the start of the expertiment to the StF transition occurrence to the decay of the 

sample. (A) 𝑉𝑎,𝑡 = 3.1 ± 0.02 m/s. (B) 𝑉𝑎,𝑡 = 6 ± 0.1 m/s. (C) 𝑉𝑎,𝑡 = 9.1 ± 0.1 m/s. (D) 𝑉𝑎,𝑡 = 

11.8 ± 0.1 m/s. 

At higher wind speeds, i.e. 6 to 12 m/s, the burning rate increased and strong 

smouldering spread more uniform across the sample surface, indicated by more 

uniform glowing on the sample surface at 1 min of experiment. During continuous 

wind exposure, StF transition was mostly indicated by flaming appearance near 

the edge of the sample. This might be related to the relatively stagnant flow at the 

sample surface. With higher wind speed, the flames were less visible due to the 

advection effect from the wind. This will be discussed further in pulse wind 

experiment results in the next section. 

Further investigation of Figure 5.6 reveals that even though StF transition 

time decreases drastically between 3 to 12 m/s, the mass fraction at which 

transition occurred was not much different (Figure 5.8A). Figure 5.8A shows that 

the mass fraction at which StF transition occurred was relatively constant at 0.7 

± 0.1, when about 30% of sample burnt. Comparing this constant mass fraction 

value with both time to StF transition and average MLR shows that the earlier 

StF transition occurrence was achieved due to higher burning rate because of the 

higher oxygen supply rate, simultaneously increasing pyrolyzate production rate. 
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Then StF transition occurred once sufficient pyrolyzate production rate obtained 

and forming sufficient concentration of pyrolyzate gases that fall within the 

flammability limit. Interestingly, this is also indicated by a constant mass fraction. 

This suggests two possible explanations. First, the sample became thermally thin 

at that thickness, or second, the reactor walls became sufficiently high relative to 

the sample ensuring sufficient pyrolyzates mixing. Figure 5.8B compares average 

MLR with the MLR value at the instance of StF transition, showing that the latter 

is a bit higher than the former. This trend agrees with Figure 5.6 that StF 

transition occurred while MLR close to its peak. Once StF transition occurred, 

MLR slowly decreases as sample started to burn out due to high burning rate 

because of the flaming. The lower average MLR than MLR at the instance of StF 

transition is because the former also includes the growing and decaying state of 

the smouldering sample. 

 

      
Figure 5.8. (A) Mass loss rate, StF transition time, and mass fraction at the instance of 

StF transition in continuous wind experiment series. (B) Comparison of the average MLR 

and MLR at StF transition showing that StF transition occurred when MLR (burning rate) 

was around its peak value, thus a bit higher than the average MLR. 

  

Figure 5.8 also shows that the MLR increases drastically from ~0.4 to 12.8 

g/min, at 𝑉𝑎,𝑡 = 2.6 to 9.1 m/s. However, further increasing 𝑉𝑎,𝑡 to 11.8 m/s only 

increases MLR to 13.3 g/min, indicating that MLR increase has reached a plateau. 

This is also indicated by the significant decrease of StF transition time from 15.4 

to 1.7 min with 𝑉𝑎,𝑡 increased from 3.1 to 9.1 m/s. A possible explanation for this is 

that at 𝑉𝑎,𝑡 from 2.6 to 9.1 m/s the burning process is controlled by chemistry that 

the increase of oxygen supply significantly increases burning rate. At this stage, 

convective heat losses are insignificant to the burning process but gaining 

importance as can be seen by the plateauing trend of MLR as 𝑉𝑎,𝑡 increases further. 

From 9.1 to 11.8 m/s, the further increase in oxygen supply does not increase the 

MLR. At this stage, heat loss controls the burning process. 
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Figure 5.9. Surface and in-depth temperature from continuous wind experiment series. 

Wind temperature was maintained at 30.5 ± 1.3oC. Clouds represent standard deviation 

from experiment repetitions. (A) Experiments at 𝑉𝑎,𝑡= 1.9 ± 0.2 m/s (2 repetitions). (B) 

Experiments at 𝑉𝑎,𝑡= 2.6 ± 0.1 m/s (2 repetitions). StF transition occurred in 1 out of 3 

experiments at 𝑡 = 18.9 min (not shown here). (C) Experiments at 𝑉𝑎,𝑡= 3.1 ± 0.02 m/s (4 

repetitions). StF transition occurred in all 5 experiment at 𝑡  = 15.4 ± 1.2 min. (D) 

Experiments at 𝑉𝑎,𝑡= 6 ± 0.1 m/s (3 repetitions). StF transition occurred in all 4 experiment 

at 𝑡 = 5.3 ± 1 min. (E) Experiments at 𝑉𝑎,𝑡= 9.1 ± 0.1 m/s (4 repetitions). StF transition 

occurred in all 5 experiment at 𝑡 = 2.6 ± 1.4 min. (F) Experiments at 𝑉𝑎,𝑡= 11.8 ± 0.1 m/s 

(4 repetitions). StF transition occurred in all 5 experiment at 𝑡 = 1.7 ± 1.1 min. 

Surface and in-depth temperature of the sample are shown in Figure 5.9. 

Since surface temperature was only measured at three points on the sample 

surface and the uncertainty of strong smouldering propagation on the surface, 

error on surface temperature measurement is relatively wide (the clouds in Figure 

5.9 represents standard deviation). However, it can still be seen that StF 

transition occurs when surface temperature was around its peak. The trend and 

uncertainty in in-depth spread are smoother and narrower than surface 

temperature, probably because no convective effect in the sample in-depth. The 

StF transition can be seen to occur when in-depth temperature started to increase, 

indicating the pyrolysis front getting closer to the in-depth location, i.e. 1.3 cm 

below the sample surface. Produced pyrolyzates then ignited by the strong 

smouldering on the sample surface with temperature 311 ± 49.8oC. 

In-depth temperature indicates a relatively constant value at the instance of 

StF transition, at 190 ± 17.9oC (Figure 5.10), with a weak decrease between 𝑉𝑎,𝑡 of 

3.1 and 6 m/s. This decrease of in-depth temperature coincides with increasing 
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surface temperature, indicating a stronger smouldering causing pyrolysis 

production rate to increase and ignited by the hot smouldering surface. However, 

due to limited thermocouple resolution in this study, it is uncertain to conclude 

whether StF transition occurred with shallower pyrolysis front propagation with 

increasing wind speed. At this point, it is fair to conclude that pyrolysis front was 

located between the sample surface and 1.35 cm depth of the sample as the surface 

temperature was higher and in-depth temperature was lower than the lower range 

of wood pyrolysis temperature, i.e. ~277oC [226]. 

 

 
Figure 5.10. In-depth and surface temperature at the instance of StF transition 

occurrence. Surface temperature at each experiment is average of three thermocouple 

measurement points on the sample surface, while in-depth temperature from one 

thermocouple measurement point at 1.35 cm depth of the sample. Error bars are from 

experiment repetitions. There were 5, 4, 5, and 5 experiments conducted at 𝑉𝑎,𝑡 of 3.1, 6, 

9.1, 11.8 m/s, respectively. 

5.3.2. Pulse wind 

Figure 5.11 shows an experiment in pulse wind series at 𝑉𝑎,𝑡 = 11.8 m/s when 

the wind diversion plate was closed at 35 s. During this experiment, 5 s before the 

wind plate was closed, intermittent appearances of flaming was identified at the 

sample edge. When the wind plate was closed, the flame sheet covered the whole 

surface area of the sample. This indicates that without wind advection, flaming 

can occur on the whole surface of the sample. There are two possible explanations 

on the effect of wind advection on flame sheet. First, the strong wind advection 

forced the flame to incline on the sample surface, or second, the pyrolyzate gases 

were diluted by the wind advection and then intermittently appeared at the edge 

of the sample due to eddies that might be formed when the flow interacted with 

the sample side-wall boundary. However, the wind advection can be too strong 
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that the dispersion of flammable pyrolyzate gases is not always followed by its 

ignition around the sample edge. Only after the wind stopped that the time at 

which sample produced flammable pyrolyzate gases can be identified. Figure 5.12 

shows the sketch of area on the sample where flames were observed in both 

continuous and pulse wind. Continuous wind leads to transition at sample edges 

while pulse wind leads to transition all over the sample. The lack of edge effect 

means that transition with pulse wind is expected to depend less on sample size. 

 

 
Figure 5.11. Snapshots of smouldering sample surface showing the intermittent flaming 

occurrences around the edge of the sample due to the dispersion of the pyrolyzate gases 

because of the wind advection. After the wind stopped, flaming sheet developed on the 

whole surface of the sample. ∆𝑡 is time difference between middle to right figures. 

 

 
Figure 5.12. Sketch of transition location in both continuous and pulse wind experiment. 

Red represents the area where flames were observed, with darker colour represents area 

where flames were observed frequently. 

In pulse wind experiments, StF transition is identified to be occurred earlier 

than with continuous wind (Figure 5.13a). The largest time gap between StF 

transition in pulse and continuous wind is at 𝑉𝑎,𝑡 3.1 m/s, at ~5 min. However, at 

this wind speed, the wind exposure time that can result in StF transition is 

uncertain (Figure 5.13b). Unlike at higher wind speed, the increasing of wind 

exposure time at 𝑉𝑎,𝑡 3.1 m/s is not followed by a sharp contrast of StF transition 

occurrence probability, as shown in Figure 5.13b. At 𝑉𝑎,𝑡 of 6.0, 9.1, and 11.8 m/s, 
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StF transition occurrence based on wind exposure time is sharply identified, and 

with 50% probability at 4, 0.3, and 0.2 min, respectively. At 𝑉𝑎,𝑡 of 3.1 m/s, however, 

the probability is more uncertain with p-value of 0.0605 (>0.05). Complete set of 

pulsed wind experiment data points are shown in Figure A 5.1 in Appendices. 

 

 
(a) (b) 

Figure 5.13. (a) Time to StF transition vs wind speed at two conditions, i.e. continuous 

and pulse wind supply. Pulse wind supply decreases StF transition time up to ~5 min. (b) 

The probability of StF transition time and occurrence, demonstrated to be more 

statistically certain with wind speed. 

Figure 5.13 shows that wood may require a relatively high wind speed to 

certainly undergoes StF transition to flaming, about 6 to 12 m/s. However, the 

wind may be too strong for the flame to form and sustain, requiring pauses in wind 

to allow the accumulation of pyrolyzates. Pulse wind experimental method shows 

a mechanism of StF transition that has not yet been considered in literature, 

proving that continuous wind may make transition slightly more difficult because 

of wind advection. In natural environment, wind is unsteady accompanied by often 

strong gusts of wind. As shown by experimental data and repeatable 

measurements here, pulse wind provides the optimal conditions for StF transition. 

Both heat loss and wind advection negatively affect StF transition time. The 

effect of wind advection in delaying StF transition time was more significant at 

low wind speed (3 m/s), thus at low oxygen supply, with delay time of ~5 min. As 

wind speed increasing, the effect of wind advection in delaying StF transition 

decreased to ~1.7 min in average across wind speed of 6 to 11.8 m/s, thus already 

started to be overcame by the effect of oxygen supply by increasing pyrolyzates 

production rate. Wind advection might have effect on the plateauing of the mass 

loss rate at wind speed above 9 m/s (Figure 5.8A). However, considering that wind 

speed has been started to be overcame by oxygen supply at wind speed lower than 

9 m/s, the plateauing of the mass loss rate is suggested to be dominated by heat 

loss. 
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5.4. Conclusion 

Smouldering-to-flaming (StF) transition experiments on wood samples have 

been conducted across varying wind speed, i.e. from 0 to 12 m/s. Within this range, 

three regimes were identified, below 1.9 m/s where smouldering was self-sustained, 

between 1.9 and 3.1 m/s where smouldering self-sustained but no StF transition 

identified, and about 3.1 m/s where StF transition consistently occurred. Results 

at wind speed above 3.1 m/s confirm that the time to StF transition significantly 

decreases with wind speed. This indicates a significant role of oxygen supply on 

the StF transition occurrence. At low wind speeds, smouldering spread rate 

increases with wind speed because additional oxygen supply overcomes the higher 

convective heat losses. The role of oxygen supply is also supported by the fact that 

the StF transition in this study is highly repeatable, especially with pulse wind 

exposure. The effect of convective heat loss from wind gain importance above 9 m/s, 

making the decreasing of transition time non-linear. Stronger char oxidation with 

wind speed is identified, acting both as a pilot and source of pyrolyzate to form 

flammability mixture. 

Beside increasing oxygen and convective heat loss, wind advection also 

contributes to the dilution of pyrolyzate gases. The experiments with pulse wind 

identified the StF transition time when the dilution of pyrolyzate gases was 

stopped once the wind stopped, hence increasing flow time. Under pulse wind 

condition, StF transition can occur up to ~5 min earlier than under continuous 

wind. We conclude that pulse wind enhances the StF transition by first providing 

strong smouldering driven by oxygen supply, and then once wind stopped by 

increasing the flow time and the concentration of pyrolyzates. Both heat loss and 

wind advection negatively affect StF transition time. The effect of wind advection 

in delaying StF transition time was more significant at low wind speed and started 

to be overcame by the effect of oxygen supply at higher wind speed. Though wind 

advection might have effect, the plateauing of the mass loss rate at wind speed 

above 9 m/s is suggested to be dominated by heat loss. The results presented in 

this study reveals the mechanism in which StF transition occurs on burning wood 

in different wind speeds.  
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Chapter 6  

 

Conclusion 

 
Wildfires are the occurrence of uncontrolled combustion in the natural 

environment. The frequency and size of wildfires are projected to increase due to 

climate change and land-use change, and has taken into effects in various 

locations around the globe such as the smouldering peatland fires in southeast 

Asia and Arctic and flaming wildfire in USA, Europe, and Australia. Effective 

prevention and mitigation plans need to incorporate understanding on the 

fundamental process of wildfires. This thesis aims to provide novel understanding 

on the smouldering peat fire and its suppression, and on the fundamental 

understanding of smouldering-to-flaming transition, contributing to the better 

mitigation of smouldering wildfires (Figure 6.1). 

Chapter 1 of this thesis provides a review of smouldering peatland fire, 

providing discussion of smouldering peat propagation and effects to the soil. The 

difficulty in the mitigation of smouldering wildfires is identified due to the 

persistent nature of this fire, suppression difficulty, and the current lack 

understanding of the transition from smouldering to flaming combustion that has 

been reported to might have contributed to reignition [214]. 

Chapter 2 of this thesis presents GAMBUT the largest to-date field 

experiments of peatland fires, conducted in Riau, Indonesia, in 2018. This study 

was conducted to fill the gap in the literature which has abundant experiments at 

lab-scale and forensic study at the field scale but lacks in systematic experiments 

in length scale comparable to real peat fire. The smouldering peat fire in this 

experiment, with a size of 0.2 × 0.5 m to 8 × 10 m area, persistently propagated 

across the whole duration of the experiment, up to 10 days, until controlled 

suppression attempts were conducted (Figure 6.2A). Slash-and-burn ignition 

resulted in strong ignition at shallow layer indicated by maximum temperature of 

700oC and smouldering residence time of 8.2 ± 7.8 h, while charcoal ignition 

resulted with strong ignition at deep layer with maximum temperature of 550oC 

and residence time of 16.8 ± 12.2 h. The horizontal spread rate is 0.7 ± 0.1 cm/h 

and the depth of burn is 25 cm in average. 
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Figure 6.1. Diagram illustrating the connections between chapters in this thesis. The main output of this thesis is the fundamental 

understanding of the mitigation of smouldering wildfire through a better comprehension of peat fire suppression dynamics and transition 

to flaming in smouldering wildfires.



110 

 

During GAMBUT, two rainfall events with column height of 4.8 and 2.5 mm 

occurred and failed to suppress the peat fires. Infrared image analysis, however, 

suggests that rainfall might have suppressed the smouldering peat at the surface 

but failed to reach smouldering at in-depth layer. Comparison of suppression 

column height between failed suppression from rainfall events to the controlled 

suppression attempts suggests that there is a critical suppression column height 

below which suppression is not possible. A suppression column height less than 

this minimum value results in the water not reaching the in-depth smouldering, 

thus only suppressing smouldering on the surface, such as the case of failed 

suppression by rainfalls. Suppression method by means of a lance injection 

resulted in a low efficiency, shown by a significant excess use of water but not 

much shorter suppression time than with spray method. However, the ability of 

the injection method to directly attack an in-depth smouldering hotspot might be 

proven to be effective during the mopping up stage of large-scale peat fire 

suppression, to avoid reignition and fire regrowth. 

In Chapter 3, further systematic study of the smouldering peat fire 

suppression at lab-scale conducted across different suppression flow rate and 

wetting agent concentration is presented. This study further confirms the 

existence of a critical value of suppression column height mentioned in Chapter 2. 

Furthermore, it was found that suppression time decreases non-linearly with flow 

rate, and wetting agent concentration further decreases suppression time up to 26 

to 39%. Demonstration of a simple upscaling of the results in the lab scale to a 

small peat fire in the field such as in the order 1 ha, shows about 50% decrease in 

the required volume of suppressant to successfully suppress peat fire can be 

achieved by using a wetting agent. The shorter suppression time by wetting agent 

is identified due to a better flooding of the peat sample. In order to be successfully 

suppressed, peat fire is required to be flooded to a rather constant level of 5.7±2.1 

L/kg, or equivalent to increase the peat MC to 573±208% (in dry base) which is 

double the value of a pristine peatland MC (Figure 6.2B). This critical flooding 

point is constant despite the change in flow rate and wetting agent concentration. 

Comparison of run-off between water and wetting agent suppression suggests that 

run-off can occur through two mechanisms, i.e. channelling or uniform penetration. 

Because of the lower surface tension of the wetting agent, it can uniformly 

penetrate through the peat sample thus quickly flooding the peat fire to the critical 

flooding point, hence the shorter suppression time than water. In case of water, 

the higher surface tension than wetting agent causes the water to form a channel 

in peat sample. When this channel is formed, most of the water goes through this 

channel and is not contributing to the flooding of the peat, hence the higher run-

off and longer suppression time of water than wetting agent. The surface tension 

of the wetting agent is ~2.5 times lower than water. Thus, a development of a 

suppressant agent that can decrease water surface tension can help in the 
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mitigation of smouldering peat fire in terms faster suppression and lower required 

suppression agent volume. 

In wildfire, combustion can be driven by two fundamental processes, i.e. 

smouldering and flaming. Despite their different characteristics, smouldering can 

transition to flaming combustion, and vice versa. Smouldering-to-flaming (StF) 

transition, however, presents a sudden and drastic increase of fire hazards, such 

as faster spread and higher temperature. The literature review of StF transition 

in Chapter 4 reveals that transition is governed by two processes, i.e. chemistry 

and heat transfer. Specifically, wind speed has been identified to influence StF 

transition occurrence [43,170–172,178,185], and fundamentally has two 

competing effects on combustion process, i.e. oxygen supply and convective heat 

loss. Chapter 5 presents the systematic investigation of wind effects on StF 

transition by conducting series of experiments on a burning wood in a rig designed 

to control well the wind temperature and speed, thus controlling the effects of 

oxygen supply and convective heat loss. The results of these experiments show 

that StF transition time significantly decreases with wind speed, indicating an 

important role of oxygen supply (chemistry) (Figure 6.2C). As wind speed increases, 

the effect of heat transfer is gaining importance. This is indicated by a weak 

increase of mass loss rate (MLR) as wind increases above 9 m/s, below which MLR 

drastically increases. The occurrence of StF transition is also accompanied by a 

more uniform and vigorous char smouldering on the surface of the sample, 

indicating the important role of char oxidation to provide heat to support pyrolysis 

process and to act as a pilot ignition. Other than supplying oxygen and increasing 

convective heat loss, wind also contributes to the dispersion of the pyrolyzate gases 

due to wind advection. This is revealed by suddenly stopped the wind supply, thus 

pulse wind exposure, at which StF transition could occurred up to ~5 min earlier 

than when the wind is continuously supplied to the sample. With pulse wind, StF 

transition was also indicated to be less dependent on sample size. The results in 

this chapter could help in the mitigation and modelling of wildfire propagation 

through a better temporal observation of wind speed, and might contribute to 

estimate fire risk based on a likelihood of StF transition occurrence across 

different wind speed magnitude. 

To summarize, this thesis provides results to fundamentally understand the 

effective mitigation of smouldering wildfire (Figure 6.1). Both field and lab-scale 

experiments of smouldering peat fires reported in this thesis reveal the critical 

flooding point, run-off mechanisms, and critical suppression column height. The 

investigation of smouldering-to-flaming transition reported in this thesis provide 

the fundamental understanding of this process by confirming the role of heat 

transfer and oxygen supply to the StF transition. Through understandings 

presented in this study (Figure 6.2), better prevention and mitigation strategies 

can be developed to be prepared against an increasingly warming earth in which 

wildfires have been projected to be larger. 



112 

 

Below are highlighted points that can be considered as prospective study to 

be conducted in the future: 

• In term of field study, field-scale experiment on peatland with lower 

IC than the study presented in Chapter 2 will be beneficial to have a 

complete understanding of smouldering peat fire dynamics on both 

pristine and degraded peatland. Some measurement techniques can 

also be improved further, such as the use of drone attached with IR 

camera to collect a larger data set of surface spread rate 

measurements, both spatially and temporally 

• In term of suppression, validation of findings in Chapter 3 regarding 

suppression dynamics with wetting agent by conducting field-scale 

experiment can also be done to fill the gap in the literature. In lab-

scale, more suppression experiments can be done by further varying 

the MC and bulk density of the peat sample. Other techniques of 

suppression on peat fire can also be explored in lab-scale, such as 

injection method. 

• In term of transition from smouldering to flaming, more experiments 

with the same setup as shown in Chapter 5 but with various wind 

temperature can further clarify the effects of heat loss, oxygen supply, 

and wind advection. StF transition experiments on fuel with different 

characteristics of permeability and consolidation are also prospective 

to validate the generality of the fundamental mechanism of StF 

transition in Chapter 5 across various types of fuel. 
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Figure 6.2. Main outputs of this thesis. (A) Propagation behaviour of smouldering peat 

fire under real conditions, persistently spread for 10 days during day and night, and 

despite two major rainfalls. This is presented in Chapter 2. (B) The level of MC of peat 

that needs to be recovered in order to successfully suppress peat fire is found to be 

constant at 573±208% (in dry base). This is presented in Chapter 3. (C). Smouldering-to-

flaming (StF) transition time significantly decreased with wind speed and earlier with 

pulse wind, indicating the significant role of oxygen supply, presented in Chapter 5. 
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Appendices 

 

Appendices (Chapter 2) 
 

Local survey on the plot topography were conducted by taking the distance 

from a predetermined height to the surface of the plots (Figure A 2.1A). Figure A 

2.1B to D show the topography of the experimental plots showing a significant 

elevation difference of ~1 m between south and north sides. This topography 

difference influences the decision on pre-experiment sampling location to 

investigate the peat properties and on the location of ignition (Figure 2.2A and 

Figure 2.3). 

 
Figure A 2.1. Plot topography measurement. (A) Schematic of the in-situ measurement. 

Topography of (B) plot 1 (C) plot 2 (D) plot 3 
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At each point, thermocouples were inserted at an angle using a thermocouple 

inserter (Figure A 2.2). This insertion method assumes that smouldering 

propagation is coming from the right-hand side of Figure A 2.2A. This insertion 

angle facilitates the thermocouple junctions to be at the predetermined depths, i.e. 

10 cm and 30 cm, and records temperature while keeping the thermocouple wire 

away from the heat and prevents it from melting. 

 
Figure A 2.2. Thermocouple placement (A) Illustration of the insertion of the 

thermocouples at an angle. Blue flag represents the thermocouple point. (B) 

thermocouples being inserted during the experiments.  
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Figure A 2.3. MC and bulk density of peat in this study (A) dry-mass-based moisture 

content (MC) (%). (B) Peat wet bulk density (𝜌𝑏,𝑤𝑒𝑡) (kg/m3)  
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Figure A 2.4. Temperature profiles in P1N fire showing all temperature measurement 

points as shown in Figure 2.11A. Time at 0 h indicates 00:00:00 am in D5. Slash-and-burn 

ignition was conducted in D5 at ~11:27:00. 
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Figure A 2.5. Temperature profiles in P2N fire showing all temperature measurement 

points as shown in Figure 2.11B. Time at 0 h indicates 00:00:00 am in D7. Slash-and-burn 

ignition was conducted in D7 at ~12:40:00. 
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Figure A 2.6.  Temperature profiles in P3N fire showing all temperature measurement 

points as shown in Figure 2.11C. Time at 0 h indicates 00:00:00 am in D7. Slash-and-burn 

ignition was conducted in D5 at ~16:12:00. 
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Figure A 2.7. Temperature profiles in P1S fire showing all temperature measurement 

points as shown in Figure 2.11A. Time at 0 h indicates 00:00:00 am in D1. Charcoal 

ignition was conducted in D1 at ~12:00:00. 
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Figure A 2.8. Temperature profiles in P3C fire showing all temperature measurement 

points as shown in Figure 2.11C. Time at 0 h indicates 00:00:00 am in D7. Charcoal 

ignition was conducted in D4 at ~09:27:00. 
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Figure A 2.9A shows a typical overhang observed in this study. As 

smouldering continues to propagate deep below the surface, the surface vegetation 

was intact up to the point that it loses its stability and the burning peat in this 

overhang collapse onto the soil around the TCs, represented by abrupt 

temperature increase such as can be seen at T7 at 10 cm depth at noon of D8 in 

Figure A 2.4. Before the abrupt increase, temperature at T7 (10 cm depth) 

increased up to ~600oC for a short time and then followed by a rapid decay, 

probably represents either the smouldering propagation well passed this point or 

the part of the smouldering peat at this depth collapsed since the deeper 30 cm 

deep layer underwent strong smouldering. This occurrence left the thermocouple 

at T7 at 10 cm deep free-hanging as can be seen by the rapid temperature 

fluctuation after this rapid decay, demonstrating convective effect from the 

ambient air. The later rapid increase at ~72 h or ~00:00 am of D8 shows that the 

part of surface overhang above this TC was still intact from D6 to D8, before 

collapsing and causing rapid increase at T7 (10 cm deep). 

Few transitions from smouldering to flaming were observed in this field 

experiment (Figure A 2.9B). The occurrence was close to the overhang location and 

occurred once overhang started to crack and collapse. The sudden flux of 

pyrolyzate from deep layer might have been ignited and act as a pilot to ignite 

surface litter vegetations at the surface layer. 

 

   

 

(A)  (B) 

 

Figure A 2.9. (A) Overang formation and collapse in this study. In addition to the different 

spread rate between surface and in-depth layers, the surface vegetation layer provided 

temporary stability support for overhang formation due to the fibrous structure. (B) 

Transition from smouldering to flaming encountered during these field experiments 

(photograph by Wuquan Cui).  
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Figure A 2.10. Smouldering propagation in P1N analyzed from infrared images showing 

separate surface smouldering hotspots after slash-and-burn was conducted in D5 at 

~11:27:00. The outside perimeter of the wind rose diagram represents average wind speed 

of 2.4 m/s. Different colour of the arrows approximately indicate spread rate, with blue to 

brown to red correspond to slowest to fastest spread rate. 
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Figure A 2.11. Smouldering perimeter in P1S and P3C from infrared image analysis. The 

x-axis scale in time between P1S and P3C are different due to different time of ignition 

(Figure 2.4). Time at 0 h in each plots represent the time of ignition and the last data 

point represent infrared measurement before controlled suppression in D11 was 

conducted.  
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Table A 2.1. Suppression method, flow rate (�̇�𝑠 (L/h)), fire area (𝐴𝑓 (m2)), and suppression time 

(Δ𝑡𝑠 (h)) during the controlled suppression attempts conducted in D11. 

Fire location Suppression 

method 
�̇�𝑠 (L/h) 𝐴𝑓 (m2) 𝐴𝑠 (m

2) Δ𝑡𝑠 (h) 

P1N Water spray 3024 ± 18 ~80 30 ± 0.3 0.7 ± 0.2 

P2N Water spray 3024 ± 18 ~20 30 ± 0.3 0.3 ± 0.03 

P3C Water spray 4878 ± 120 0.8 54 ± 1.5 0.4 ± 0.2 

Pit 2 of P1S Lance injection 1669 0.5 Point location 15 ± 1 

Pit 3 of P1S Lance injection 1669 0.3 Point location 13 ± 1 
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Appendices (Chapter 3) 
 

Figure A 3.1 shows visual images of an experiment where smouldering 

spread up to 366 min, a minute before suppression. The side-view schematic of 

smouldering front at the start of suppression is sketched in Figure 3.7. 

 

 
Figure A 3.1. Visual images of 100% MC peat showing smouldering ~8 cm below top 

surface forming a step in the sample due to overhang. Red arrow indicates spread 

direction. 
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Indication of successful suppression can be identified by surface infrared 

radiation (Figure A 3.2). However, surface infrared was unable to detect the 

occurrence of persistent smouldering at a later stage of suppression. Image F in 

Figure A 3.3 shows a very low surface infrared radiation despite in-depth 

temperature reached the peak of reignition temperature at 220oC, even though the 

distance between the surface and the in-depth temperature is ~1 cm. The absence 

of indication of the persistent smouldering by surface infrared radiation can be 

caused by the surface MC. In this case, the surface MC was too high for surface 

infrared to indicate any in-depth temperature increase since the persistent 

smouldering occurred late after suppression started, i.e. at 25 min. As in the first 

early persistent smouldering (image B to D), the surface MC was not too wet for 

surface infrared to indicate an in-depth temperature increase. 

 

 
Figure A 3.2. Surface infrared radiation vs. in-depth temperature in an experiment with 

4.32 L/h flow rate of water suppression. The intensity unit is the grayscale pixel intensity, 

i.e. 0 to 255, represents surface infrared radiation flux. 
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Figure A 3.3. Surface infrared radiation vs. in-depth temperature in an experiment with 

8.64 L/h flow rate of LC suppression. The intensity unit is the grayscale pixel intensity, 

i.e. 0 to 255, represents surface infrared radiation flux 
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Appendices (Chapter 5) 

 

(a) (b) 

 

 

(c) (d) 

Figure A 5.1. Experiment data points from pulsed wind experiment series at wind speed of 

(a) 3 m/s, (b) 6 m/s, (c) 9 m/s, and (d) 11.8 m/s. Experiment result of 1 means that StF 

transition was observed at that data point and 0 means StF transition was not observed, where 

N is the number of experiments at each specified wind speed and duration. 

 


