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ABSTRACT

Fundamental Study of Near-Limit Smouldering Fire Dynamics
by
Shaorun Lin
Doctor of Philosophy in Department of Building Environment and Energy Engineering
The Hong Kong Polytechnic University, June 2021

Supervised by Dr Xinyan Huang and Dr Michael J. Gollner

Smouldering fire is slow, low-temperature and flameless, and is one of the largest and longest-
lasting combustion phenomena on Earth, different from flaming fire regarding chemistry, transport
processes and time scales. Smouldering fire is a heterogeneous process sustained when oxygen directly
attacks the hot fuel surface. Smouldering fire is the dominant burning behaviours of porous and charring
fuels, such as wood, char, peat, and polyurethane (PU). For example, smouldering wildfire is a
significant disturbance to peatlands worldwide, and it contributes significantly to global carbon
emissions and provides positive feedback to climate change. Despite its critical hazard to humans and
the environment, our understanding of it remains limited.

Compared to the flaming fire, smouldering fire can be initiated by a much weaker ignition source
and provide a shortcut to flaming through smouldering-to-flaming transition. Traditionally, smouldering
spreads in a creeping fashion, typically on the order of 1 cm/h, which is at least two orders of magnitude
smaller than the spread rate of flaming fires. On the other hand, smouldering fire can be sustained in an
extremely low oxygen concentration (~11%). However, very few works have been conducted to
systematically study the near-limit smouldering fire dynamics before the research undertaken in this
report.

This thesis is divided into eleven chapters: except for the chapter of introduction (Chapter 1) and
concluding remarks (Chapter 11), each chapter takes the form of an independent paper, which has been
published or submitted to a journal or conferences.

Part A includes three chapters (2-4), with the focus on the ignition limits of smouldering
combustion. Chapter 2 investigates the ignition limits of moist peat soil with moisture up to 100 wt.%

under external radiation, and the critical ignition heat flux, ignition temperature, heat release rate and
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CO/CO3 ratio are compared thoroughly. Chapter 3 explores the effect of the diameter of irradiation
spot on the ignition limit of smouldering combustion experimentally and numerically, which reveals
that the lateral conductive cooling effect within the fuel becomes more dominant for a smaller spotting
area. Chapter 4 describes the limits of transition from flaming to smouldering, where a unique wood
combustion mode showing a near-limit blue flame was identified as an intermediate combustion mode
between the buoyancy-controlled yellow flame and the smouldering combustion.

PART B includes three chapters (5-7), focusing on the quenching limit and quenching distance of
smouldering combustion. Chapter 5 explores the quenching limit and the applicability of quenching
diameter in smouldering through laboratory-scale experiments, where the measured quenching diameter
of smouldering was about 10 cm. Chapter 6 develops a 2-D numerical model based on open-source
code Gpyro and a previously developed 5-step kinetics of peat to verify the quenching diameter of
smouldering combustion and further explore the effects of lateral overall heat transfer coefficient,
oxygen concentration and ambient temperature on the quenching limits. Chapter 7 explores the
applications of quenching distance of smouldering combustion through constructing firebreak for
extinguishing peat fire.

PART C includes three chapters (8-10), with the focus on the environmental impacts on the
smouldering limits. Chapter 8 quantifies the smouldering propagation rate on consolidated biomass
and the blow-off limit under concurrent and opposed external airflows up to 50 m/s, where the effects
of fuel diameter and density are thoroughly discussed. Chapter 9 assesses the underlying mechanism
of rain in suppressing the smouldering peat fire in the shallow soil layer up to 15 cm deep through
laboratory experiments, where the extinction limit of suppressing smouldering peat fire is found.
Chapter 10 quantifies the minimum environmental temperature that allows the moist peat to smoulder,
and then apply a typical vertical soil temperature profile to estimate the future depth of burn and carbon

emissions in boreal peatland fires under the impact of global warming.
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CHAPTER 1: Introduction

1.1 Background and motivation

Smouldering is slow, low-temperature and flameless burning of porous fuel and one of the most
persistent types of combustion phenomena [ 1-3]. As a heterogeneous process, smouldering is sustained
by the heat evolved when oxygen molecules directly attack the hot surface of condensed-phase reactive
porous media [1-4]. In general, smouldering could be initiated by a weaker heat source or even self-
heating [5—7], providing a shortcut to flaming combustion through the smouldering-to-flaming
transition that follows a sudden increase in spread rate, heat release and hazard [8—11]. Smouldering
combustion is the primary cause and driving phenomenon of residential fires (e.g., upholstered furniture
and mattresses fires) [12,13], industrial fires (e.g., fires in silos and storage units) [14], and natural fires
(e.g., subsurface fire in peatlands or abandoned coal mines) [15-18] (Fig. 1.1), posing severe threats to
humans and environment. On the other hand, some beneficial applications of smouldering combustion
have also been developed over the past few decades for energy production [19] and waste removal

technology [20,21]. Thus, a better understanding of smouldering combustion is vital to mitigate the

smouldering fire hazard and optimize the applications of smouldering system.

Fig. 1.1. Typical example of smouldering combustion in different fuels, (a) debris of WTC, (b) peat fire, (c)
underground coal fire, (d) charcoal, (e) incenses, (f) cotton bale, and (g) wildland firebrands.
Heat loss and oxygen supply are two controlling mechanisms for smouldering combustion, and
they play central roles in the ignition, propagation, and extinction [1,22]. Traditionally, smouldering

spreads in a creeping fashion, typically on the order of 1 cm/h, which is at least two orders of magnitude



smaller than the spread rate of flaming fires [23]. On the other hand, smouldering fire can be sustained
in an extremely low oxygen concentration (~11%). However, very few works have been conducted to
systematically study the near-limit smouldering fire dynamics, thus bringing a huge research gap.

The ignition of combustible materials is fundamental to fire safety analyses, defining initiation and
leading to the eventual growth of sometimes devastating fire events. For different fuels, propensities
for flaming and smouldering fires are different [5]. For example, grass, leaves, and twigs are prone to
flaming fire, while ember, duff, and peat may be more likely to smoulder. Nevertheless, theoretically
all charring fuels can support both forms of fires which can also transition to each other under specific
conditions, but relevant studies on their propensities and ignition limits are quite limited.

Moreover, Many ignition events leading to both structure and wildland fires occur remotely by a
point heating source [24], such as the deposition of lofted firebrands [25-27], hot metal particles [27,28],
dripping molten materials [29], laser irradiation [30,31], lightning strikes [32], and concentrated
irradiation [33-36]. A less-studied source of ignition is a concentrated sunlight spot, which can be
reflected by a curved mirror or focused by a dew droplet, curved glass window and decorations,
transparent fish bowls, or cylindrical bottles filled with water [37-39]. From 2010 to 2015, 125 fires in
the United Kingdom were reported to be triggered by a concentrated sunlight spot [40], posing threats
to both human lives and property. However, to the best of the authors’ knowledge, this remote ignition
phenomenon has not received a detailed and quantitative study, presenting a key knowledge gap.

On the other hand, even a flame could be piloted above the charring materials, it is sometimes
found not to be able to sustain after ignition [41]. Nevertheless, extinction of the flame is not the end of
a fire, as it may be followed by the smouldering [42]. However, such a transition limit of flaming-to-
smouldering is also unclear, requiring further investigations.

After ignition, smouldering combustion may propagate until extinction. Heat loss or cooling is one
of the critical mechanisms that control smouldering combustion [1,2,23], and therefore has substantial
implications toward understanding its propagation limits and quenching behaviours [43,44]. For
flaming combustion, the quenching distance (or thickness/diameter) is defined as a critical length,
below which flame can no longer propagate through because of the flame-wall interaction that decreases
the flame temperature below the threshold of chain reactions [45—48]. For a laminar premixed flame,
quenching occurs on the scale of millimetre that is comparable to the flame thickness [49,50]. It is of

practical significance in the design of flame arrestor as well as other fire protection systems [50,51].
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Analogous to the quenching behaviour of premixed flame, heat loss or cooling is also an essential factor
during smouldering propagation, which may weaken the chemical reactions [52] and hence lead to the
occurrence of quenching [43,53]. However, to the best of authors’ knowledge, no study has
systematically addressed the quenching dynamics of smouldering and quantified the corresponding
quenching distance, thus, there is a big knowledge gap.

Also, the numerical studies on quenching and quenching distance of premixed flame have been
conducted for decades, establishing many insightful understandings [46,47,54]. However, to the best of
the authors’ knowledge, no computational study has been conducted yet to study the quenching
behaviours of smouldering combustion. Therefore, a comprehensive computational model is required
to better understand the underlying mechanisms behind this phenomenon.

The ignition and propagation of smoldering combustion depends on both environment (e.g., wind
[13,23,55-57], oxygen [58—60], pressure [61,62], and gravity [63]) and fuel factors (e.g., type/array
[64], moisture [53,56], density [65], orientation [66], and size [43,67]). Smouldering combustion is
controlled by the competition between the oxygen supply and the heat transfer to and from the reaction
zone [1,68,69]. Therefore, the airflow or wind is crucial to smouldering propagation, because it could
increase both the oxygen supply and the heat loss [13,43,70]. By applying an external airflow (or
environmental wind), smouldering propagation may become faster because of the increased oxygen
supply (O»-limit regime) [23,58,71]. Afterwards, the excessive airflow may also help trigger gas-phase
homogenous oxidation under some specific conditions and result in smouldering-to-flaming (StF)
transition [11]. Further increasing the airflow velocity, the cooling effect becomes dominant, so
eventually smouldering extinction or blow-off will occur, just like the blow-off of flame [72]. In the
literature, the blow-off of flame on solid fuels has been extensively studied over the last 50 years [4,23].
Comparatively, the research on the blow-off of smouldering is limited; and generally, it is more difficult
to blow off persistent smouldering fire. Like the flame, most smouldering extinction processes result
from a local energy imbalance, where the cooling rate is larger than the heat-release rate from
exothermic oxidations [4,72,73]. So far, no study has addressed the smouldering propagation at large
wind speeds over 10 m/s and the blow-off limits of persistent smouldering fire; thus, there is a big
knowledge gap.

Except for the wind, the weather and climate are also strongly affecting the ignition and propagation

of smouldering combustion, especially the smouldering wildfires in peatlands. Limited trials in the
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literature have demonstrated the ineffectiveness of all man-made suppression methods in controlling or
extinguishing any massive peat fire [74—76], and most the real peat fires were suppressed until there
was an heavy rain. Although the suppression effect of rain on smouldering wildfire is still mostly
unknown, it is hypothesized that the rain droplets can penetrate the burning peat layer, and if the
rainwater can overcome the combustion heat, eventually peat fire can be quenched. Nevertheless, if the
peat fire was not entirely extinguished by rain, re-ignition could happen after an extended time,
especially when the drought season arrives [76,77]. Thus, it is necessary to thoroughly explore the
effectiveness of rain in suppressing peat fire and identify the critical rainfall intensity and depth. On the
other hand, although it has been argued that the frequency and severity of wildfires in the boreal region
have been increasing as a result of global warming [78], there is still not enough quantitative data on
the ignition and propagation limits of smouldering combustion in peatlands [79-81]. Several Earth-
system models have been applied to predict the carbon loss from the arctic and boreal regions under
global warming [82], but the impact of peatland fires is rarely included. Therefore, it is urgent to
understand the fire severity in the arctic and boreal peatlands and the associated fire carbon emissions

under different global warming scenarios.
1.2 Literature review

A comprehensive literature review on the ignition, propagation, and extinction of smouldering
combustion is conducted to provide the research background and a clear picture of what have been done

and what needs to be done in the research domain of this study.
1.2.1 Ignition limits of smouldering combustion

For ignition, several researchers have quantified the ignition limits of different fuels. For many
fuels, smouldering could be easier to initiate than flaming [2]. For a low-density (20 kg/m?)
polyurethane (PU) foam, the minimum radiant heat flux for smouldering ignition is 7 kW/m?, while for
flaming ignition, it is 13 kW/m? with a pilot igniter and 30 kW/m? without an igniter [2,83]. However,
smouldering ignition could be more difficult for trees and twigs. For a redwood (~350 kg/m?), if the
heat flux is larger than 40 kW/m?, the required heating time and surface temperature for piloted flaming
ignition are lower than for smouldering ignition (or glowing) [84]. Whether it is easier to pilot a flame
and support flame spread over a common peat soil (~200 kg/m? dry density) is still unclear. Moreover,

peat, as a typical wildland fuel, can hold a wide range of moisture contents (MCs), from 10~50% under



drought conditions to well above 300% under flooded conditions [85,86]. MC is also expected to alter
the propensity of wildland fuels for flaming or smouldering [27,87].

Many past works have investigated the flaming ignition of wildland fuels like foliage and pine
needles with MCs of 3~300% under wildfire intensity up to 10° kW/m? or above 10° W/m [88,89].
Several studies found for many wildland fuels, the piloted flaming ignition time under external heating
increased almost linearly with the fuel MC, and there was a maximum MC above which flaming ignition
could not occur [27,90,91]. Besides MC, whether the wildland fuel is fresh, aged, or dead has a
significant impact on the flammability [89]. Many ignition theories have been proposed based on the
critical ignition temperature, ignition energy, and critical mass flux [92]. These theoretical work
reasonably well for common dry polymer materials but become less reliable for complex wildland fuels
[93-95], thus, requiring a better ignition criterion.

Over the past 50 years, limited studies have investigated flaming ignition by a laser spot or
concentrated irradiation. Kashiwagi [30,31] showed that the minimum radiant heat fluxes for flaming
autoignition are 90 kW/m? for red oak and 160 kW/m? for PMMA, performed with a 2-3 ¢cm diameter
laser spot. By increasing the diameter of the heating spot to about 3.5 cm, the minimum radiant fluxes
decreased to 80-90 kW/m?, still much higher than the 25-50 kW/m? reported for auto-ignition of 10-cm
width square wood samples more evenly heated in a cone calorimeter [96]. Later, the laser ignition of
thin PMMA sheets with different orientations has also been investigated experimentally and
numerically [97,98]. Grishin et al. [33] generated a light beam by a tungsten lamp to ignite a porous
forest fuel layer with a bulk density of 6-24 kg/m? and revealed that the required irradiant heat flux for
flaming ignition decreases as the heating diameter increases from 8 mm to 27 mm. Warren [34]
concentrated sunlight using a spherical water-filled glass bowl with a diameter of 200 mm and
demonstrated the possibility of smouldering ignition of print paper by concentrated irradiation. Recently,
Sandia National Laboratories [35,36] used hundreds of reflection mirrors in a concentrated solar tower
plant to generate an irradiation greater than 2,000 kW/m? (about 0.5-m diameter spot) that could ignite
some common fuels within a few seconds.

On the other hand, a flame is sometimes found not to be able to sustain above the material after
ignition, i.e., the self-extinction may occur [99-101]. However, very few studies have investigated the
extinction mechanisms and quantified its combustion limits. Nevertheless, extinction of the flame is not

the end of a fire, as it may be followed by the smouldering [42]. Therefore, such a extinction limit of
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flaming combustion is also a transition limit of flaming-to-smoldering transition. Previously,
Babrauskas [102] used a flame to ignite a timber material for several minutes and found the self-
extinction occurred once the igniting flame was removed. Emberley et al. [41,103] further studied the
self-extinction of flaming timber and CLT under external radiation and found the critical heat flux of
43.6 + 4.7 kW/m? and the minimum mass flux of 3.93 + 0.45 g/m?:s were required to sustain the flame.
Vermesi et al. [104] found that for engineered wood, the critical mass flux for flameout varied in a wide
range (1.4-17 g/m*-s). Moreover, under specific conditions, smouldering may also transition back to the
flaming, i.e., the smouldering-to-flaming (StF) transition [2,27]. Therefore, in a real fire, the ignition
(and re-ignition) and extinction of the flame, as well as smouldering combustion, could repeatedly occur

several times until the eventual burnout [103].

1.2.2 Propagation and extinction limits of smouldering combustion

In the literature, the extinction limit of flame on solid fuels has been extensively studied over the
last 50 years [4,23]. For example, Loh and Fernandez-Pello [105] showed that the concurrent rate flame
spread over the thin paper first increased with the airflow velocity (< 1 m/s) but became almost constant
until blow-off at about 3 m/s. A similar trend and blow-off wind speed were also observed for the
concurrent flame spread on thin electrical wires [106]. In general, the blow-off of opposed flame spread
is easier, usually at an airflow velocity lower than 1 m/s [107,108]. Comparatively, there are quite
limited studies on the propagation limits of smouldering combustion. Palmer [71] found that the blow-
off limit of opposed smouldering propagation over fibreboard was about 7 m/s, but the concurrent
smouldering propagation could still be sustained at 10 m/s [23,71]. Like the flame, most smouldering
extinction processes result from a local energy imbalance, where the cooling rate is larger than the heat-
release rate from exothermic oxidations [4,72,73]. Thus, decreasing oxygen concentration and pressure
promotes the blow-off of smouldering under a smaller airflow [60,61].

With respect to the fire triangle, three methods can be applied to extinguish a fire, namely starving
(by removing the fuel), smothering (by removing the oxygen), and cooling (or quenching by removing
the heat) [51]. Because of the persistence of smouldering combustion, a short-term man-made water
spray is not able to stop the fire spread [76]. For example, compared to flaming fire, smouldering

wildland fire require at least 50% more water to extinguish the same amount of burning fuel [3]. Some



chemical foaming agents can easily penetrate into burning fuels and shield the burning samples from
the oxygen supply [109], but the required quantity to suppress any real fire is enormous. In fact, limited
trials in the literature have demonstrated the ineffectiveness of all man-made suppression methods in
controlling or extinguishing any massive smouldering fire [74—76]. Therefore, more effective methods

are required to extinguish these persistent fire phenomena.
1.2.3 Computational study of smouldering combustion

The computational study on smouldering was initiated by Ohlemiller [1], who established the
governing equations to simulate this persistent combustion phenomenon. Afterwards, a number of
numerical simulations were performed to investigate the smouldering combustion of different porous
media, including peat [15,65,77,86,110-116], cellulose [1,117], coal [118,119], polyurethane foam [120]
and char [121] with chemical schemes of different complexities using the 1-D model. Based on these
works, Yang et al. [115] developed a 2-D axis-symmetric model for the natural downward spread of
peat fire and reported the importance of lateral heat loss. However, previous studies mainly focused on
the ignition and propagation of smouldering, whereas the quenching behaviour of smouldering

combustion has not received sufficient attention.
1.3 Aims and Objectives

The aim of this PhD study is to develop a thorough understanding of near-limit smouldering fire
dynamics. It is accomplished by addressing the following objectives:

1. Investigate the propensities and ignition limits of smouldering and flaming combustion with
different moisture contents under different irradiation levels. The ignition delay time, mass flux,
CO/CO3; ratio and minimum heat flux are quantified for both flaming and smouldering combustion.

2. Investigate the ignition limit of smouldering combustion by intense point irradiation, i.e., a sunlight
spot concentrated by a spherical glass ball. The ignition delay time, critical heat flux, and ignition
energy of smouldering by the irradiation spot are quantified. Afterwards, a simplified heat transfer
model iss proposed to (1) explain the varying minimum irradiation and energy required for
smouldering ignition and (2) quantify the potential ignition risk initiated by the concentrated
sunlight in both structure and wildland fires. Finally, a 2-D computational model is developed to
verify the experimental observation.

3. Investigate the transition limits of flaming-to-smouldering transition of charring materials. The



transition limits and the near extinction fire behaviours will be quantify using both laboratory
experiments and phenomenological analysis.

Explore whether the classical concept of flame quenching and quenching diameter can be extended
to smouldering. Different conditions of wall cooling and oxygen supply are applied to the reactor
to determine the quenching limit of smouldering. The quenching diameter is compared with the
thickness of the smouldering front, and the minimum values of the smouldering temperature and
propagation rate before quenching are quantified.

Develop a comprehensive 2-D model for smouldering based on open-source code Gpyro and a
previously developed 5-step smouldering kinetics (including 1-step drying). Numerical simulations
are performed to investigate the smouldering quenching behaviours and near-extinction spread
dynamics without forced airflow. Moreover, the influences of ambient temperature and oxygen
concentration on the quenching dynamics of smouldering are explored.

Explore the application of quenching and quenching limits of smouldering combustion for
smouldering peat fires through laboratory-scale experiments. The research outcomes provide a
scientific foundation for underground wildfire fighting and the design criteria for the protective
measures of large-scale peat fire experiments in the field.

Investigate both concurrent and opposed smouldering propagations over cylindrical consolidated
biomasses (incenses) with different fuel diameters (1.5-5 mm) and densities (720-1,100 kg/m?). The
external airflow velocity up to 50 m/s in a small wind tunnel was applied to explore the blow-off
limits. The theoretical analysis was proposed to explain the influence of environmental and fuel
properties on smouldering propagation and critical conditions of blow-off.

Explore the extinction limit of smouldering wildfires under natural rainfall. The required rainfall
duration, rainfall depth, as well as the mass loss per unit area of peat sample and carbon emissions
of peat fire under different rainfall intensities are analysed in detail. The minimum rainfall intensity

(Imin) and rainfall depth (d,;,;,,) to extinguish the peat fire is also quantified.

Interpret the ignition limits of organic peat soils as a function of the minimum environmental
temperature vs soil gravimetric moisture content. Afterwards, based on the field measurement of
the vertical soil temperature profile in the boreal peatland [122], this fire threshold will be used to

estimate the depth of burn (DOB) in boreal peatlands. We then further project the carbon emissions



from the boreal peatland fires under different global warming scenarios in the 21* century.

1.4 General methodology

General methodology of this PhD study is briefly summarized here, and more detailed information
could be found in each corresponding chapter.

The scale of the experiments can be divided into three categories: micro scale, small scale and large
scale [123]. The micro-scale experiments refer to the testing of sample with milligram in mass and is
independent of bulk behaviour and transport phenomena. Typical examples of micro-scale experiments
are thermogravimetric analysis (TGA) and Fourier transform infrared spectroscopy (FTIR). For TGA,
it could help propose the heterogeneous reaction scheme and acquire the corresponding kinetic
parameters through optimization algorithm. Small-scale experiments commonly refer to the simplified
experiments conducted in the laboratories, with several grams or kilograms in mass. Small-scale
experiments are mainly used to study the dynamics of smouldering combustion by controlling a single
variable. Large-scale experiments refer to the field experiments in the potential fire scenes. By
collecting the information and analysing the data, large-scale experiments can improve the fire
prevention strategies and emergency measures in the future.

Generally, the representativeness and authenticity of the experimental results will be improved as
the scale of the experiment increases. However, the complexity of the system will gradually increase as
the experimental scale increases, making it more difficult to summarize the laws of physics throughout
quantitative analysis. Moreover, larger experiments will also face greater environmental impacts and
safety issues. Small-scale experiments simplify the complex fire scenarios and ecosystems, which help
explore the underlying mechanisms of smouldering combustion by controlling a single variable.
Therefore, it is widely used in the study of ignition [5,124—126], fire spread [56,65,77], emissions [127],
and extinction [18,43,76,128], which provides the necessary theoretical and scientific basis for the
analysis of large-scale experiments. Meanwhile, the cost of small-scale experiments is relatively low,
making it conducive to conduct a large number of repeating tests to improve the reliability of the
experimental results, and provide necessary reference for the design and analysis of high-cost large-

scale field experiments.
1.4.1 Method for the test of smouldering ignition limit

In 1980s, Frandsen first use small-scale experiments (9 cmx9 cmx4 cm) to test the flammability



limits of organic peat soils with different organic and moisture contents (Fig. 1.2a) [125]. A 3-cm hot
coil heater as point heating source was attached to fuel surface for 3 min. As it is impossible to judge
the success of smouldering ignition, therefore, the heated sample was kept for several hours to observe
if stable smouldering was successfully initiated. Afterward, Frandsen upscaled the smouldering reactor
(10 cmx10 cmx5 cm) and used linear heating source to test the flammability limits of organic soils. As
shown in Fig. 1.2(b), a long coil heater was buried below the fuel surface to heat the organic fuels for 3
min. Such method has been widely used for investigating horizontal smouldering propagation [56].
Radiative heating is a kind of surficial heating source, as shown in Fig. 1.2(c). Such method can
simulate the radiation heating from nearby flame or smoke. By adjusting the radiation heat flux, the
critical heat flux for smouldering ignition can be achieved. Self-heating ignition is a special ignition
phenomenon without external heating source. The most commonly-used methods to explore the self-

ignition phenomena are hot plate experiments and oven-basket experiments (Fig. 1.2d) [7].

(a) Point heating source (b) Linear heating source
Q&
Q’O
k—— 9cm 44‘/ } 10 cm
(c) Surficial heating source (d) Self-heating ignition

OO(:G \\\ / ! ) OO/;@
\ \\\ “Infrared /, R Oven

N radiation Ve

Fig. 1.2. Schematic diagrams of small-scale experiments to investigate the ignition limits of smouldering fire.
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1.4.2 Method for the test of smouldering propagation and extinction limit

Smouldering propagation is a three-dimensional process, and it can be divided into horizontal and
vertical propagation. In the small-scale experiments, to better observe the characteristics of smouldering
propagation, they are usually investigated in different reactors.

For the horizontal smouldering propagation, the internal dimension of smouldering reactor is 20
cmx20 cmx10 cm, as shown in Fig. 1.3(a). In general, the reactor is made of ceramic insulation board, and
is covered by several layers of aluminium foil to limit the radiative heat loss. To monitor the smouldering
temperature and propagation rate, a thermocouple array should be inserted into the sample. To reduce the
effect of boundary, the thermocouple array should be arranged in the central plane and away from the reactor
wall. In general, the distance between the adjacent thermocouples should be greater than 2 c¢m to alleviate
the cooling effect on the smouldering front. After the experiment, the smouldering propagation rate can be
calculated by the time interval between the peak temperatures of two continuous thermocouple readings.

For the vertical smouldering propagation, the cross-section area of the smouldering reactor should not
be less than 10 cmx10 cm, and its height should be larger than 20 cm, as shown in Fig. 1.3(b). as the height
of the reactor increases, the dimension of the cross section should be increased as well to ensure sufficient
oxygen supply. Generally, the height-to-width ratio should not be greater than 3:1. Analogous to the
experiment of horizontal smouldering propagation, the thermocouple array should be arranged in the central

plane, and the distance between the adjacent thermocouples should be larger than 2 cm.

(a) Horizontal (b) Vertical
s G
k—4 cmyr(ﬁ,? i k—6 cm—y
4 3 2 1 12 cm g
--0---0---.-------$ ------ >2cm o
2cm o ST N
83 foalom, A
___14___1.3___1.2___1.1 __________ T
19 18 17 16
- - - - @@ G
Thermocouple array ’

Data logger

Fig. 1.3. Schematic diagrams of small-scale experiments to investigate the propagation limits of smouldering fire.

With respect to the fire triangle, three methods can be applied to extinguish a fire, namely starving
(by removing the fuel), smothering (by removing the oxygen), and cooling (or quenching by removing

the heat) [51]. Cooling can be achieved by gas or liquid cooling agents, and the cooling efficiency
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depends on the specific heat capacity and the heat of evaporation of the cooling agents. If the liquid
cooling agent is applied, it is necessary to ensure that the reactor has a good drainage function. Therefore,
the steel mesh is recommended here. Generally, it is more convenient to use stainless steel mesh to
manufacture the cylindrical reactor. Note that the diameter of the reactor should be larger than 10 cm,
so as to avoid excessive boundary heat loss caused by the larger specific surface area, which may make
the experiment deviate from the actual situation. To study the extinction limits of smouldering peat fire
at different depths, the height of the reactor should be larger than 15 cm.

For ignition, an 8-cm long coil igniter (Cr2oNiso) is placed 5 cm below the top free sample surface
to start the smouldering peat fire. The ignition power is fixed to 60 W for 60 min to initiate a robust
peat fire [29]. The temperature profiles of peat at 0 cm (surface) and 5 cm, 10 cm and 15 cm below the
top surface are carefully monitored using armoured K-type thermocouples with 1-mm probe diameter.
After ignition, the basket of peat sample is placed into a larger cylindrical mesh basket with a diameter
of 200 mm and a height of 150 mm. To simulate the natural state and mimic a real boundary condition,
the space between two baskets was filled with unheated peat soils. Afterward, the entire setup was left
to burn and self-stabilize for another 30 min before the start of rain suppression.

The simulated rain-suppression experiments are conducted in a wet chamber with an area of 6 m x
10 m and a height of 3.5 m. The artificial rain is produced by a water sprinkler system that includes a
sprinkler nozzle, a pressure gauge, and a valve, as illustrated in Fig. 1.4. The vertical distance between
the nozzle and the sample surface was fixed to 2.5 m. The median water droplet diameter depends on
the water pressure, sprinkler orifice diameter, and the surface tension of the air-water interface (0.073
N/m). The value of the median water droplet diameter was calculated to be about 1.5 mm, which is
within the range of typical raindrop sizes [42]. Therefore, the simulated raindrop size in this experiment
is close to the natural rain. With the sprinkler spray, the intensity of simulated rainfall changed with the
location. Thus, the distribution of rainfall intensity (Fig. 1.4b) was measured by multiple cylindrical
containers (with a diameter of 10 cm and a height of 15 cm) at the interval of 20 cm. Given a fixed
rainfall duration (At = 10 min), the local rainfall intensity can be calculated by measuring rainfall
depth (d) as I = d/At. Then, the desired rainfall intensity can be achieved by placing the burning

sample at a specific location.
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Fig. 1.4. Schematic diagrams of small-scale experiments to investigate the extinction limits of smouldering fire.

1.5 Organization of the thesis

In this thesis, smouldering combustion of peat (Chapter 2, 5, 7,9 and 10), wood (Chapter 4), tissue
(Chapter 3), consolidated biomass (Chapter 8) has been experimentally studied to understand the near-
limit smouldering fire dynamics including ignition limits, extinction limits and fire propagation limits.
In addition, computational simulations are performed to understand the underlying mechanisms of
smouldering ignition limits by irradiation spot (Chapter 3) and quenching limits of smouldering fire
(Chapter 6).

This thesis is divided into eleven chapters: except for the chapter of introduction and concluding
remarks, each chapter takes the form of an independent paper, which has been published or submitted

to a journal or conferences.

PART A includes three chapters (2-4), with the focus on the ignition limits of smouldering
combustion. Chapter 2 investigates the ignition limits of moist peat soil with moisture up to 100 wt.%
under external radiation, and the critical ignition heat flux, ignition temperature, heat release rate and
CO/CO; ratio are compared thoroughly. Chapter 3 explores the effect of the diameter of irradiation
spot on the ignition limit of smouldering combustion, which reveals that the lateral conductive cooling
effect within the fuel becomes more dominant for a smaller spotting area. Chapter 4 describes the limits
of transition from flaming to smouldering, where a unique near-limit blue flame is observed and
discussed.

PART A is composed of three standalone journal articles and one conference paper:
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Chapter 2: S. Lin, P. Sun and X. Huang (2019) Can Peat Soil Support a Flaming Wildfire?
International Journal of Wildland Fire 28: 601-603. doi: 10.1071/WF19018.

Chapter 3: S. Wang, S. Lin (co-first author), Y. Liu, X. Huang and M. Gollner (2021) Smouldering

Ignition using a Concentrated Solar Irradiation Spot, Fire Safety Journal (under review).
S. Lin, S. Wang, P. Sun, H. Yuan and X. Huang (2021) Experimental and Computational
Study of Smouldering Ignition by Concentrated Sunlight, 2021 China National Symposium on
Combustion (submitted).
Chapter 4: S. Lin, X. Huang, J. Gao and J. Ji (2021) Extinction of Wood Fire: A Near-Limit Blue

Flame above Hot Smouldering Surface. Fire Technology. doi: 10.1007/s10694-021-01146-6.

PART B includes three chapters (5-7), with the focus on the quenching limits and quenching
diameter of smouldering combustion. Chapter 5 explores the quenching limits and applicability of
quenching diameter in smouldering through laboratory-scale experiments, where the measured
quenching diameter of smouldering was about 10 cm. Chapter 6 develops a 2-D numerical model based
on open-source code Gpyro and a previously developed 5-step kinetics of peat to verify the quenching
diameter of smouldering combustion and further explore the effects of lateral overall heat transfer
coefficient, oxygen concentration and ambient temperature on the extinction limits. Chapter 7 explores
the applications of quenching distance of smouldering combustion through constructing firebreak for
extinguishing peat fire.

PART B is composed of three standalone journal articles:

Chapter 5: S. Lin, X. Huang (2021) Quenching of Smouldering: Effect of Wall Cooling on
Extinction, Proceedings of the Combustion Institute 38(3): 5015-5022. doi:
10.1016/j.proci.2020.05.017.

Chapter 6: S. Lin, H. Yuan and X. Huang (2021) A Computational Study on the Quenching and
Near-Limit Propagation of Smouldering Combustion, Combustion and Flame (under review).

Chapter 7: S. Lin, Y. Liu and X. Huang (2021) How to Build a Firebreak to Stop Smouldering

Peat Fire: Insight from a Laboratory-Scale Study. International Journal of Wildland Fire 30(6):

454-461. doi: 10.1071/WF20155.

PART C includes three chapters (8-10), with the focus of the environmental impacts on the
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smouldering limits. Chapter 8 quantifies the smouldering propagation rate on consolidated biomass
and the blow-off limit under concurrent and opposed external airflows up to 50 m/s, where the effects
of fuel diameter and density are thoroughly discussed. Chapter 9 assesses the underlying mechanism
of rain in suppressing the smouldering peat fire in the shallow soil layer up to 15 cm deep through
laboratory experiments, where the minimum rainfall intensity and depth to suppress smouldering peat
fire is found. Chapter 10 quantifies the minimum environmental temperature that allows the moist peat
to smoulder, and then apply a typical vertical soil temperature profile to estimate the future depth of
burn and carbon emissions in boreal peatland fires under the impact of global warming.

PART C is composed of four standalone journal articles:

Chapter 8: S. Lin, T. H. Chow, and X. Huang (2021) Smouldering Propagation and Blow-off on
Consolidated Fuel under External Airflow. Combustion and Flame (Accepted).

Chapter 9: S. Lin, Y. K. Cheung, Y. Xiao and X. Huang (2020) Can Rain Suppress Smouldering
Peat Fire? Science of the Total Environment 727: 138468. doi: 10.1016/j.scitotenv.2020.138468.

S. Lin and X. Huang (2020) An Experimental Method to Investigate the Water-Based

Suppression of Smouldering Peat Fire. MethodsX 7: 100934. doi: 10.1016/j.mex.2020.100934.

Chapter 10: S. Lin, Y. Liu and X. Huang (2021) Climate-induced boreal peatland fire and carbon
loss in the 21" century. Science of the Total Environment 796: 148924. doi:
10.1016/j.scitotenv.2021.148924.

A final section (Chapter 11) summarizes the conclusions and points out the potential areas of future
research.
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PART A: Ignition Limits of Smouldering: Criteria, Dimension Effect and

Transition

The ignition of combustible materials is fundamental to the fire safety analysis, defining the
initiation and development of devastating fire events. Therefore, it is essential to explore and quantify
the ignition limits of combustible materials to deepen our understanding of smouldering fire dynamics.
In the literature, the limits of flaming ignition are profoundly studied, while the limits of smouldering
ignition are rarely included. Moreover, many ignition events occur remotely by a point heating source,
such as laser and concentrated sunlight. The ignition limit by the point heating source may differ from
the smouldering ignition limit we obtain under the cone calorimeter but has not received a detailed and
quantitative study, presenting a key knowledge gap. On the other hand, even though the charring fuel is
directly flaming ignited, after the extinction of flame, it may follow a smouldering fire. However, such
a transition limit from flaming to smouldering is still not fully understood.

This part includes three chapters (2-4), with the focus on the ignition limits of smouldering
combustion. Chapter 2 investigates the ignition limits of moist peat soil with moisture up to 100 wt.%
under external radiation, and the critical ignition heat flux, ignition temperature, heat release rate and
CO/CO, ratio are compared thoroughly. Chapter 3 explores the effect of the diameter of irradiation spot
on the ignition limit of smouldering combustion, which reveals that the lateral conductive cooling effect
within the fuel becomes more dominant for a smaller spotting area. Chapter 4 describes the limits of
transition from flaming to smouldering, where a unique near-limit blue flame is found to co-exist with

the internal smouldering combustion.
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CHAPTER 2: Ignition Limits of Flaming and Smouldering Fire under Irradiation

Summary

Smouldering wildfire in peatlands is one of the largest and longest-lasting fire phenomena on Earth,
but whether peat can support a flaming fire like other surface fuels is still unclear. Our experiments
demonstrate the successful piloted flaming ignition of peat soil with moisture up to 100 wt.% under
external radiation, indicating that flame may rapidly spread on peatland before transitioning to the
conventional smouldering peat fire. Compared to smouldering ignition, flaming ignition of peat is more
difficult, requiring a higher minimum heat flux and triple ignition energy. The propensity for flaming
increases with a drier peat and a larger external heating. We also found that the flaming ignition
temperature increases from 290°C to 690°C, as the peat moisture increases to 100 wt.%. The flame of
peat soil is much weaker than that of pine needles and wood, and it eventually transitions to smouldering.
The heat of flaming is estimated to be 13 MJ-kg™, close to the heat of smouldering. The measured
CO/CO; ratio of flaming peat fires is less than 0.02, much smaller than 0.2 of smouldering peat fires.
This research helps understand the development of peat fire and the interaction between flaming and
smouldering wildland fires.

This chapter is based on “S. Lin, P. Sun and X. Huang (2019) Can Peat Soil Support a Flaming

Wildfire? International Journal of Wildland Fire 28: 601-603. doi: 10.1071/WF19018. ”
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2.1 Introduction

Wildfire has become a severe global problem which poses severe threats to the safety of human
lives and properties as well as the economy and environment [1]. Catastrophic wildfires in recent years
reveal a dramatic increase in size, frequency and duration because of climatological and human factors
[2—4], particularly in United States, Australia, Indonesia and many European countries [5,6]. In
particular, smouldering wildfires in peatlands are the largest and longest fire phenomena on Earth [7].
Although peatlands only cover 3% of the Earth land surface, they store around 25% of the planet’s
terrestrial organic carbon, i.e., approximately the same amount of carbon in the atmosphere [8,9]. These
peat fires result in the widespread destruction of ecosystems and regional haze event, e.g. recent mega-
fires in Southeast Asia, North America and North Europe [7,10,11]. More importantly, peat fires
contribute greatly to the global climate change, as annually they release the ancient carbon that is
approximately equivalent to 15% of human-made emissions [9,11,12].

Peat soil is an accumulation of incompletely decomposed vegetation residues, and it is carbon-rich
and formed in anaerobic conditions [11]. Peat is also a porous and charring natural fuel that is prone to
smouldering combustion like plastic foams and coals [7]. Once ignited, smouldering peat fires can burn
for weeks, months and even years despite extensive rains, weather changes, or firefighting attempts.
Most research in the literature have focused on the smouldering characteristics of a peat fire, such as
the chemical kinetics [13], smouldering ignition [14—17], fire spread [18-21], extinction [22,23], and
emission gases [15,24]. Because most natural fuels can support both smouldering and flaming fires,
such as pine needle beds [25], twigs, bark [26] and firebrands [27], it is logical to expect that peat soil
can also support a flaming fire. Pyrolysis that occurs under external heating is the common prerequisite
for both flaming and smouldering fires, as illustrated in Fig. 2.1. When the char oxidation dominates
the oxygen consumption (Path I), smouldering fire occurs, while flaming fire is sustained by the
oxidation of pyrolysis gases (Path II).

Fundamentally, the flaming fire spread is a continuous ignition process that is heated and piloted
by the flame [28]. If a flame can be piloted on the peat soil, it means that the flame can spread on the
peatland surface in a speed much faster than the conventional smouldering spread, resulting in a fast
expansion of peat fire. As illustrated in Fig. 2.2, in real wildfire scenarios, the flame of burning grasses
or trees can act as the heating and pilot sources, causing the piloted flaming ignition of peat soils. In

turn, the pyrolysis gases generated from the peat, can also support the flaming wildfire via Path (II) in
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Fig. 2.1.

example, grass, leaves, and twigs are prone to flaming fire, while ember, duff, and peat may be more
likely to smoulder. Nevertheless, theoretically all charring fuels can support both forms of fires which
can also transition to each other under specific conditions, but relevant studies are quite limited.
Traditionally, smouldering spreads in a creeping fashion, typically around 1 cm/h, which is at least two
orders of magnitude slower than the spread rate of flaming fires [7]. However, if flame can spread over
the surface of peat soil, the size of peat fire can expand much faster than the expected creeping
smouldering spread inside the peat layer. So far, no research has studied the critical conditions of

flaming ignition of peat and the propensity for a flaming fire spreading on peatlands, so there is a big

knowledge gap.
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Fig. 2.1. Possible reaction paths for flaming and smouldering combustion of peat soils in wildfires.

Fig. 2.2. Schematics of flaming and smouldering fires in peatland and the possible piloted flaming ignition of

peat soils.
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For many fuels, smouldering could be easier to initiate than flaming [29]. For a low-density (20
kg/m?) polyurethane (PU) foam, the minimum radiant heat flux for smouldering ignition is 7 kW/m?,
while for flaming ignition, it is 13 kW/m? with a pilot igniter and 30 kW/m? without an igniter [29,30].
However, smouldering ignition could be more difficult for trees and twigs. For a redwood (~350 kg/m?),
if the heat flux is larger than 40 kW/m?, the required heating time and surface temperature for piloted
flaming ignition are lower than for smouldering ignition (or glowing) [31]. Whether it is easier to pilot
a flame and support flame spread over a common peat soil (~200 kg/m? dry density) is still unclear.
Moreover, peat, as a typical wildland fuel, can hold a wide range of moisture contents (MCs), from
10~50% under drought conditions to well above 300% under flooded conditions [22,32]. MC is also
expected to alter the propensity of wildland fuels for flaming or smouldering [25,33].

Many past works have investigated the flaming ignition of wildland fuels like foliage and pine
needles with MCs of 3~300% under wildfire intensity up to 10° kW/m? or above 10° W/m [34,35].
Several studies found for many wildland fuels, the piloted flaming ignition time under external heating
increased almost linearly with the fuel MC, and there was a maximum MC above which flaming ignition
could not occur [25,36,37]. Besides MC, whether the wildland fuel is fresh, aged, or dead has a
significant impact on the flammability [35]. Many ignition theories have been proposed based on the
critical ignition temperature, ignition energy, and critical mass flux [38]. These theoretical work
reasonably well for common dry polymer materials but become less reliable for complex wildland fuels
[39—41], thus, requiring a better ignition criterion.

In this work, the flaming ignition with a pilot source and smouldering ignition of peat is investigated
under varying MCs (10 ~ 100%) and exposed to radiant heat fluxes (5 ~ 90 kW/m?). The ignition delay
time, mass flux, CO/CO; ratio and minimum heat flux are quantified for both flaming and smouldering
ignition of peat.

2.2 Experiment
2.2.1 Apparatus and peat sample

All ignition experiments were conducted using the cone calorimeter (FTT iCone Plus) [42]. The
cone-shape heater can provide a constant heat flux to the sample area of 10 cm x10 cm. The schematic
diagram of the experimental apparatus is illustrated in Fig. 2.3 (a), and it mainly consists of a cone-

shape heater, a cylindrical sample container, a precision scale (+ 1 mg), and a spark igniter.
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Fig. 2.3. (a) Schematic diagram of the cone calorimeter and sample, and (b) photo of moss peat sample.

The carbon-rich peat soil tested in the experiment is the moss peat from the Netherlands (Fig. 2.3b),
and it has an organic matter content of about 96%. The element analysis for the peat organic matter
shows 44.2/6.1/49.1/0.5/0.1% mass fraction for C/H/O/N/S, respectively. The peat was first oven-dried
at 90°C for 48 h [10], and the oven-dried bulk density of peat was measured as 145 kg/m* (MC — 0%).
In general, the drying process weakens the hydrophilicity of peat, but it does not affect the high-
temperature pyrolysis and smouldering processes [43]. The peat bed has an open-pore structure and a
porosity of about 0.90, considering a solid density of 1500 kg/m® [44]. When the oven-dried peat was
in contact with air, it quickly absorbed ambient moisture and reached a new equilibrium with about 10%
MC, defined as the air-dried peat [18]. In order to obtain other MCs, the oven-dried peat was mixed
with water by following the same process in Huang et al. (2016). For example, 2 kg of 100% MC peat
can be produced by mixing 1 kg of dry peat with 1 kg of water. Afterwards, samples were shaken to
enhance the mixing process and left into the sealed boxes for homogenization for at least 48 h. The
other two targeted MCs for peat were 50% (drought) and 100% (wet).

The cylindrical container (with a diameter of 100 mm and a height of 30 mm) was made of metal
mesh, so aluminium foil was placed between the peat and container to prevent oxygen leakage from the
side and bottom. During the water absorbing process, the volume of peat sample tended to expand
naturally [10]. To avoid this issue, after filling in, moist samples were compressed manually to ensure
the dry bulk density of peat was fixed to 145 kg/m?, regardless of the MC. The bulk densities of peat
samples with different MCs are listed in Table 2.1. During the test, the ambient temperature was 22 +

2 °C, and the humidity of 50 £ 10%, and the ambient pressure was 1 atm.
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2.2.2 Ignition methods

For the piloted ignition, the cone temperature was varied for producing various radiant heat flux
(g7 from 5 kW/m? to 90 kW/m?. As illustrated in Fig. 2.3 (a), the spark was inserted and placed at 5
mm above the top surface of the peat sample prior to heating. In real wildland fires, flaming embers or
surface fires can act as the piloted source for the peat soils, as shown in Fig. 2.2. In experiment, the
radiant heating started once the shield of cone heater was removed. The surface temperature of peat was
carefully monitored using two K-type thermocouple (0.5 mm bead diameter) that was in contact with
the peat top surface. The moment of flaming ignition (#,r) and the following burning process were
captured by a video camera. Once the flaming ignition occurred, the spark was removed while the
heating was continued until the sample mass no longer changed (or burnout). A failed flaming ignition
was considered if the flame did not occur after heating for 10 min. Then, the radiant heat flux was
adjusted to find the minimum heat flux for flaming (G, 7). Throughout the experiment, flaming
autoignition, i.e., the smouldering peat fire self-transitioning to flaming fire without a spark, was not
observed.

For the smouldering ignition, the piloting spark was removed under the same radiant heat flux. The
peat sample was placed under the cone heater for a prescribed heating duration, and then, moved to the
nearby fume hood. Unlike the flaming ignition, it was not possible to determine the success of
smouldering ignition instantaneously and visually. Thus, the sample was left for another half an hour to
observe if a stable smouldering was successfully initiated, e.g. strong smoke released from the sample,
visual hot spots or burnout. If successful, the heating time was reduced until the minimum time for
smouldering ignition (#») Was found. Typically, the release of smoke was also observed during the
heating for a smouldering ignition, but the amount of smoke was not enough to pilot a flame. Like the
flaming ignition, the radiant heat flux was adjusted to find the minimum heat flux for the smouldering
ignition (G, sm)- For both ignition forms, 3~5 repeating experiments were conducted to obtain the
average ignition time.

2.3 Results and discussions
2.3.1 Peat’s propensity for flaming and smouldering

Figure 1.4 shows an example of the piloted flaming ignition process of peat soil under a high radiant

heat flux of 70 kW/m? with different MCs. The average ignition time of several repeating tests for

smouldering ignition and piloted flaming ignition are indicated in Fig. 2.4 as well. During the heating
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process, smoke was always observed before any form of ignition, and this visible smoke should be a
mixture of water vapor and pyrolysis gases. Continuing the heating, smouldering ignition was first
achieved, and then, a flame could be piloted, if the heating flux was larger than the minimum value for
flaming ignition (Table 2.1). Therefore, we can conclude that peat soils can support a flaming wildfire
under external radiation, even when the fuel MC as high as 100%, thus, it is similar to other wildland
fuels like leaves, twigs, and bark. In other words, the flame can spread over peat soils because the spread
of flame is a process of continuous piloted ignition. Note that as the peat MC is increased, the intensity

of flame becomes weaker (see Fig. 2.4), discussed more in Section 1.3.4.

Table 2.1. Average values and standard deviations of bulk density, minimum ignition heat flux, ignition

temperature, and ignition energy of peat soils of different MCs, where the dry bulk density of peat is fixed to 145

kg/m?.
) MC = 10% MC = 50% MC = 100%
Fire Parameters
(air-dried) (drought) (wet)
p [kg/m?] 160 218 290
Tig sm (°C) 270 £5 275+ 10 280 +5
Smouldering Gminsm [KW/m?] 6.5+0.5 6.5+0.5 6.5+0.5
Aminsmeal’ [KW/m?] 63+0.2 6.6£0.5 6.8+£0.3
Eigsm [MJ/m?] 0.10+0.02 0.39+0.03 0.65+0.08
Tig 1(°C) 28545 590 + 10 690 + 10
Gminy [KW/m?] 75+0.5 43+2 5342
Flaming Umin,f.ear” [KW/m?] 7.1+0.5 35+1 52+1
Eigr [MJ/m?] 0.30+0.05 1.1£0.12 2.0+0.21
Mmins [g/(m?*sh)] 43+0.1 79403 10.4 + 0.4

*QOven-dried peat cannot be tested as it quickly absorbs the ambient water to reach a new equilibrium.

#Calculated using the measured T;g and the thermal equilibrium in Eq. (2.1).

By plotting the ignition time of flaming (# ) and smouldering (#,,m) versus radiant heat flux in Fig.
2.5, the propensity of air-dried and wet peat for flaming and smouldering ignition can be quantified.
Like all other ignition phenomena, the required heat time decreased with increasing radiant heat flux
[40]. More importantly, as the heating duration and heat flux decrease, there are three ignition regions,

(D piloted flaming ignition,

(IT) smouldering ignition, and

(I1I) no ignition.

Clearly, the longer heating duration and larger heat flux are required to initiate the flaming
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combustion of peat soil. Therefore, the propensity of peat soil for smouldering is greater than that of
flaming. This behaviour is the same as the low-density PU foam [29,30], while unlike the high-density
redwood, probably because peat has a relatively small bulk density (160 kg/m? for air-dried peat) and a

similar open-pore structure like PU foam.

Fig. 2.4. Pilot flaming ignition process of peat under the radiant heat flux of 70 kW/m?, (a) MC = 10%, (b) MC

=50%, and (c) MC = 100%, where the average ignition time for smouldering and flaming are provided.

For the air-dried peat (MC = 10%) in Fig. 2.5(a), under the same radiant heat flux, only a slightly
longer heating duration is required for flaming than for smouldering. For example, under g, = 30
kW/m?, a heating time of 5.5 = 0.5 s is required for smouldering ignition, and 12.5 + 0.6 s is required
for piloted flaming ignition. Nevertheless, both ignition forms are relatively easy to achieve (i.e., very
small Region II), and the minimum heating flux for flaming ignition is Gy, F=75+05 kW/m?, and
for smouldering ignition, it is only slightly smaller as G s = 6.5 £ 0.5 kW/m?,

For the wet peat (MC =100%) in Fig. 2.5(c), the minimum heat flux for smouldering ignition
(Gmin,sm) approaches to 6.5 kW/m” that is the same as the air-dried peat in Fig. 2.5(a), because the wet
peat will be eventually dried by the long-term heating. On the other hand, the minimum heat flux for
flaming ignition (¢, sm) increases significantly to 55 kW/m?. For Region II with the heat flux between
6.5 and 53 kW/m?, only smouldering ignition can take place, and even if the spark is kept during the
continuous heating, flaming will not occur, and the peat is burnt out by smouldering. Therefore, as the
peat MC is increased, the propensity for flaming is decreased significantly. Moisture has three effects

on the peat: (1) changing the thermal properties of the material (density, thermal conductivity, and
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specific heat increases, as shown in Table 2.1), (2) enhancing the heat transfer via molecular diffusion,
and (3) acting as a strong heat sink during evaporation [36]. Therefore, for the wet peat, a higher heating

intensity is needed to trigger the flaming ignition, and the propensity for flaming is significantly

decreased.
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Fig. 2.5. The ignition delay time for piloted flaming ignition and smouldering ignition for (a) air-dried peat
sample (MC = 10%), (b) drought peat sample (MC=50%), and (c) wet peat sample (MC = 100%), where three
ignition regions (I-III) are identified. The symbols show the experimental data (with standard deviations), and

lines are manual fitting curves.

2.3.2 Flaming ignition limit of peat

For the piloted flaming ignition, Fig. 2.6(a) further compares the ignition delay time and the
minimum heat fluxes (¢, s) for different peat MCs. The measured ignition temperatures are listed in
Table 2.1 and shown in Fig.1.6(b). As the peat MC is increased from 10% (air-dried) to 50% (drought)
and 100% (wet), the required minimum heat flux increases from 7.5 kW/m? to 43 kW/m? and 53 kW/m?,
respectively; and the ignition temperature increases from 285 °C to 590 °C and 690 °C, respectively. As
expected, the measured flaming ignition temperature for dry peat (285 °C) is close to the peat pyrolysis

point, and it is higher than the 270 °C found for smouldering, similar to many other fuels with a low
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density and a high porosity [29]. However, a significant increase of ignition temperature due to moisture

is unexpected.
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Fig. 2.6. Piloted flaming ignition of peat soil sample under different radiant heat flux and MCs, (a) the flaming
ignition time, (b) the surface ignition temperature for flaming and smouldering, and (c) the flaming ignition
energy by using Eq. (2.3), where the horizontal lines indicate the minimum ignition energy. The symbols show

the experimental data (with standard deviations), and the lines are the manual fitting curves.

In order to verify the measurement of ignition temperature and minimum heat flux, a simple
calculation based on thermal equilibrium is proposed. Based on the definition [45], the minimum heat

flux should balance the environmental heat loss right below the ignition temperature (7iz) as

C'I7’r’1in = C.Il,(,)SS = SO'(T;I'Q - T;) + h(Tig - Ta) 2.1)
where € = 0.9 is the emissivity of peat; o =5.67 X 1078 J/(m*s'"K*) is the Stefan-Boltzmann
constant; T, is the ambient temperature. The free-convection heat transfer coefficient (h) for a

horizontal hot plate can be estimated by an empirical equation [46] as

h=152(Ty, —T,)"° (2.2)
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Then, the minimum heat flux can be calculated (G, f.cat) based on the measured flaming ignition
temperatures (T;g r), as listed in Table 2.1, which shows a good agreement with the measured minimum
heat flux. Thus, we confirm the reliability of the measured ignition temperature and minimum heat flux.

In the literature, although the piloted ignition temperature has been found to change with
environment (e.g. heat flux and air flow) and fuel conditions (e.g. MC and density) [31,39—41,47-50],
the variation is relatively small (<50°C), and most of the fuels have a low MC (<30%). Therefore, it is
reasonable to assume that the piloted flaming ignition temperature for a given fuel is nearly a constant
and slightly above the fuel pyrolysis point [45]. Comparatively, the change of ignition temperature
found in this work is as large as 300°C (see Fig. 2.6b), and such change should be attributed to the much
higher MC and peat’s strong tendency to smouldering (explained more in Section 3.3). Therefore, the
assumption of near-constant flaming ignition temperature completely fails for the wet wildland fuels
like peat, that can hold a wide range of MCs, even reach above 300%.

At the same time, the ignition energy provided by the cone heater can be simply calculated as

Eig = ¢;'tig (2.3a)

The ignition energy for piloting a flame on peat is plotted in Fig. 2.6(c). When the radiant heat flux
is much larger than the heat loss (¢, > ¢j,s), the minimum ignition energy per unit area (E,y,;,) can
be estimated as

Emin = Grmaxtig (2.3b)
The minimum flaming ignition energy (Ey,;,, 7) for different peat MCs is shown as the trendline in Fig.
2.6(c) and listed in Table 2.1. In particular, the minimum energy increases almost 7 times from 0.3
MJ/m? to 2.0 MJ/m?, as the peat MC is increased from 10% to 100%, because additional energy is
required to heat and evaporate the soil water [40]. Moreover, it is found that regardless of the peat MC,
the minimum ignition energy for flaming is about 3 times of that for smouldering, as shown in Table
2.1. As demonstrated in our previous work and numerical model [16,22], the peat moisture content,
inorganic content, and density are most important parameters for peat ignition.
2.3.3 Critical mass flux for flaming ignition

For the piloted flaming ignition, the critical mass flux (or mass loss rate per unit area, m;’g,f) is
considered as one of the most fundamental criteria [48]. It is because the value of mass flux is more

related to the profile of fuel concentration and the flammability region above the fuel surface.
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Nevertheless, the importance of critical mass flux also indicates its sensitivity to the location of the
piloted source [38]. In contrast, the mass flux may not be appropriate to characterize the moment of
smouldering ignition, because smouldering is dominated by heterogenous oxidations in the solid phase,
rather than the mixing process and flammability limit in the gas phase.

The mass flux was computed as the time differentiation of the original sample mass measurements.
Figure 1.7(a-c) shows some examples of the measured mass flux time evolution during the entire
ignition and burning process of peat, where the symbol indicates the moment of piloted flaming ignition
and the critical mass flux. The scrutiny reveals very different locations of the ignition moment in the
mass flux curve of different MCs. It is particularly clear in Fig. 2.7(c) that the flaming ignition occurs
in the ascending period for the air-dried peat (MC = 10%), near the peak mass flux for the drought peat
(MC = 50%), and in the descending period for the wet peat (MC = 100%). For any wet fuel, the
measured overall mass flux includes both the water vapor due to drying (1) and the pyrolysis gas due
to the peat degradation (i) as

m'" = my, +my, (2.4)
Because of the low evaporation point, the mass flux of water vapor most likely contributes to the initial
stage as well as the peak in the total mass flux.

When the heat flux is relatively small, for example in Fig. 2.7(a-b), the water both near the surface
and in-depth will first evaporate. When the top surface just reaches the pyrolysis point, there is still a
large flux of water vapor from the sample in-depth which alters the flammability limit at the location of
the pilot spark. Thus, despite a large overall mass flux (m'"), no flaming ignition occurs because of a
small mass flux of the pyrolysis gas (71,,). As the heating continues, both r,, and ), start to
decrease, because the reaction front moves in-depth, and the char layer forms on the sample surface to
block the radiant heating. At the same time, the continuous heating initiates a robust smouldering fire
that dominates the following burning process. However, gas products from smouldering emissions, i.e.,
mostly H,O, CO,, and CO [15,24], are not large and flammable enough to pilot a flame. Therefore,
throughout the heating process, the mixture of air, the water vapor, and pyrolysis gases near the spark
never exceeds the lower flammability limit unless Gy, ¢ is reached. This is the fundamental reason
why the minimum heat flux for flaming ignition (Fig. 2.6(a)) as well as the area of Region II (Fig. 2.5)
increases with the fuel MC. More detailed numerical simulations with both gas-phase and solid-phase

processes are needed to quantify the time evolution of 7y, and 7y, and the minimum heat flux.
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Fig. 2.7. Time evolution of mass flux under the radiant heat flux of (a) 30 kW/m?2, (b) 50 kW/m?, and (c) 70
kW/m?, where the symbol indicates the moment of the piloted flaming ignition of peat, and (d) critical mass flux
for piloted flaming ignition (g ) under all radiant heat fluxes and peat MCs, where the symbols show the

experimental data (with standard deviations), and the dashed line is the result of OLS regression.

Figure 1.7(d) summarizes the average critical mass flux of repeating tests under various MC and
radiant heat flux, where the symbols show the experimental data and the error bars show the standard
deviations. Interestingly, the critical mass flux is found to increase almost linearly with the radiant heat
flux up to 90 kW/m®. In particular, the g r = 4.9 g':m™s"' at 10 kW/m? while it increases more than
3 times to 16.8 g'm™-s™! at 90 kW/m?. Then, an empirical correlation based on OLS regression can be
fitted for all data points of different MCs as

Migr = 3.4+ 0.13q, (2.5)
where ;g - has a unit of g'-m™s', and ¢;' has a unit of kW/m’. The R* coefficient is found to be
0.97, indicating excellent linearity. Such an increase with the radiant heat flux has also been observed
for PMMA (polymethyl methacrylate), the most widely used plastic material in fire research, up to ¢,
=24 kW/m? [48], and wet wood up to ¢;’ = 50 kW/m? [40]. So far, the reason for such a trend has not

been well explained yet.
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As the peat MC increases from 10% to 100% in Fig. 2.7(d), the minimum mass flux for flaming
ignition (M, f) is also increased from 4.3 g'm?s'to0 10.4 gm?'s, as also listed in Table 2.1. More
importantly, under the same radiant heat flux, the critical mass flux is found to be insensitive to the peat
MC, which has not been observed before. All these abnormal phenomena suggested that care should be

taken in using a fixed critical mass flux to describe the flaming ignition of wet wildland fuels [40,49].
2.3.4 Characteristics of peat flame

Once a flame is ignited and attached to the peat, stable burning is achieved. Based on the principle
of oxygen calorimetry, the heat release rate per unit area (Q'") or HRR can be calculated to quantify the
intensity of peat flame, as shown in Eq. (2.6) [38]:

Q" = (0.21 — X, Vapo,AH,y /A (2.6)
where V, is the volumetric flow rate of air (m’/s), po, is the density of oxygen (kg/m’) at the normal
temperature and pressure; Xy, is the mole fraction of oxygen in the ‘scrubbed’ gases (removing water
vapor and acid gases); AH,, = 13.1 MJ/kg is the heat of oxygen for hydrocarbon-based fuel [51];
and A is the cross-section area of the sample, respectively.

Figure 1.8 shows some examples of the flame heat release rate under different radiant heat fluxes
and peat MCs. To better compare with the flame intensity of other wildland fuels, the HRR curves of
dry wood [52,53], liquorice herb [54] and pine needle beds [55,56] are also plotted in Fig. 2.8(a-c). The
comparison shows that once ignited, the flame intensity of peat is much lower than those of other
wildland fuels. For example, in Fig. 2.8(b) under 30 kW/m?, the peak HRR of dry peat is about 20% of
dry pine needle, 24% of oak wood, and 45% of liquorice herb. Moreover, as compared in Fig. 2.8(d),
as the MC is increased from 10% to 100%, the intensity of the flame is reduced by about 60%, consistent
with visual observations in Fig. 2.4. Therefore, for wet fuel, more than half of the mass loss is attributed
to water vapor. As a result, the flame temperature decreases as the mass flux of water vapor increases,

so the flame becomes weak and easy to extinguish.
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Fig. 2.8. Time evolution of the heat release rate under radiant heat flux of (a) 20 kW/m?, (b) 30 kW/m?, (d) 50
kW/m?, (d) 70 kW/m?, where data of dry wood [52,53], liquorice herb [54], and pine-needle bed [55,56] under

the same heat flux are presented for comparison.

The effective heat of (flaming) combustion [38] can be estimated from the heat release rate and the

mass flux as

QII

7,.;,LII

AH; = (2.7)
Calculation shows that AHy =18.4 = 1.7 MJ/kg' for the pyrolysis gases of dry peat. Thermogravimetric
analysis (TGA) shows that the pyrolysis of peat produces about 70% of pyrolysis gas and 30% black
char (see Fig. Al.1). Thus, the heat of flaming combustion of dry peat is about 18.4 x 0.7 =13 MJ/kg.

The heat of smouldering combustion (AH,,) can be measured from the differential scanning
calorimeter (DSC). For this peat, AHg,, is measured to be about 12 MJ/kg, which is close to 14.2
MlJ/kg of similar peat previously measured by Frandsen [57], but higher than 10 MJ/kg for wood [38].

Therefore, we can conclude that for this organic-rich peat soil, the heat of flaming and the heat of

smouldering are comparable. Also, the total heat of combustion for peat is approximately the
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combination of flaming and smouldering, i.e., 13 + 12 = 25 MJ/kg. This value is similar to methanol
and ethanol [58], while slightly lower than typical coal (about 30 MJ/kg) [59], considering peat soil is
often called as “young” coal.

Note that the HRR from the flame is not only controlled by the heat of flaming combustion, but
also by factors influencing the mass loss such as the pyrolysis point, density and porosity of fuel [45].
In fact, the heat of flaming combustion of peat is only slightly lower than that of the pine needle and
wood (both about 20 MJ/kg [45], but the HRR of peat is much lower, as compared in Fig. 2.8. For wood,
its high density allows for more gaseous fuels released per unit area (i.e., larger fuel mass flux), while
for pine needle beds, the flame can be sustained in the larger pores and heat each piece of pine needle,
both of which make the flame heating more effective. Comparatively, for peat, (1) the flame cannot be
sustained inside the pore; (2) the bulk density is small; and (3) heat of flaming is lower, so all these

three factors make the flame weaker on peat soils.
2.3.5 Carbon emission from peat fires

Peatlands play an important role in the global carbon balance and recent environmental changes
[9,11]. For example, the 1997 peatland fires in Indonesia may have released 13—40% of the mean annual
global carbon emissions from fossil fuels [11]. More importantly, compared to regular flaming wildland
fires, the amount of toxic carbon monoxide (CO) released from smouldering peat fires is much higher.
Laboratory measurements have shown that if 1 kg of dry peat is burnt in smouldering, 0.17~0.25 kg of
CO is released (i.e., a CO emission factor of 0.17~0.25 kg/kg), and the CO/CO; ratio is between 0.15
and 0.43 [24,60,61]. Comparatively, the emission factor of CO for flaming wildland fuel is less than
0.02 kg/kg [62], and the CO/CO2 ratio is less than 0.03 [63,64].

Figure 1.9 plots the typical time evolution of CO/CO; ratio for smouldering and flaming peat fire
under different MCs and external radiation. The solid symbol indicates the moment of flame ignition,
and the hollow symbol indicates the moment of flame extinction and smouldering peat fire. Based on
the change in CO/CO; ratio, three stages of peat fire can be observed:

1. Before the flaming ignition or during drying and pyrolysis, the carbon emission through CO
increases, and the CO/CO; ratio is high (0.1~0.35);

2. Once flaming ignited, the CO emission starts to decrease, and the CO/CO- ratio decreases to

about 0.02 which is similar to other flaming wildland fires [63,64]. In general, the duration of flame
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lasts longer under larger external radiation;
3. After flame extinction, there is a continuation of smouldering, and the CO/CO; ratio increases to

about 0.2 until burnout, similar to past measurements in [24,60,61].
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Fig. 2.9. Time evolution of CO/CO; ratio under different heat fluxes with the peat moisture content (MC) of
(a) 10% and (b) 50%, where the solid symbol indicates the moment of flame ignition, and the hollow symbol

indicates the moment of flame extinction and smouldering peat fire.

For peat MC of 50% (Fig. 2.9b), flaming ignition does not occur under the radiation of 10 kW/m?.
Instead, smouldering dominates the entire burning process, and the CO/CO; is always high (~0.2).
Increasing the radiant heat flux to 50 kW/m?, despite a successful flaming ignition, the flame is very
weak and breaks into multiple small flamelets that do not cover the entire fuel surface. Thus, both

flaming and smouldering peat fire coexist, leading to a medium level of CO/CO; ratio (~0.1).
2.4 Conclusions

In this experimental work, we found that peat soils can support a flaming wildfire, like leaves, twigs
and bark, even when the peat moisture content (MC) is as high as 100%. Piloting a flame on peat is
found to be more difficult than starting a smouldering peat fire, requiring a higher minimum heat flux
and three times more ignition energy.

Moisture significantly lowers the flammability of peat soil. As the MC increases from 10% (air-
dried) to 100% (wet), the minimum heat flux of flaming ignition increases from 7.5 kW/m? to 53 kW/m?,
the ignition temperature increases significantly from 285°C to 690°C; and the minimum flaming
ignition energy increases from 0.3 MJ/m? to 2.0 MJ/m?. The critical mass flux of flaming ignition is

found to be insensitive to peat MC, but increases linearly with the heat flux, as m;; gf = 34+0.13¢,.
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These phenomena suggest that defining a constant ignition temperature or mass flux is inappropriate
for wet wildland fuels.

The heat of flaming combustion for dry peat is estimated to be 13 MJ/kg, similar to its heat of
smouldering combustion (12 MJ/kg). The heat release rate of peat flame is significantly lower than that
of pine needles, wood, and other wildland fuels, suggesting that the peat flame is weak and easy to
suppress. Also, the CO/CO, ratio of flaming peat fires is less than 0.02, much smaller than 0.2 of
smouldering peat fires. In our future work, experiments will be conducted to quantify the ignition
temperature, and rate of flame spread over peat soil under external radiation. Also, future numerical
simulations are needed to understand the minimum heat flux, critical mass flux, and the interaction

between flaming and smouldering peat fire.
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CHAPTER 3: Effect of Heating Dimension on the Smouldering Ignition

Summary

Ignition of materials by a point source of heating plays an important role in initiating many structure
and wildland fires, such as spotting by hot particles, lightning, and concentrated irradiation. Herein, we
study the smouldering ignition of tissue paper by a concentrated sunlight spot with heat fluxes up to
780 kW/m?, which is focused by a transparent glass sphere with a diameter of 150 mm and a focal
length of 108 mm. The diameter of the sunlight spot on the targeted paper ranges from 1.5 mm to 20.0
mm by varying the position of the paper within the focal length, where a smaller spot has an increased
intensity of sunlight irradiation. Given the size of the irradiation spot, the smouldering ignition time
decreases as the concentrated irradiation increases, similar to the classical piloted flaming ignition
theory. However, the measured minimum spot irradiation for smouldering ignition is not a constant but
is much higher than the 11 kW/m? measured in a traditional cone-calorimeter test. As the diameter of
the irradiation spot decreases from 20.0 mm to 1.5 mm, the minimum irradiation for smouldering
ignition increases from 17.5 kW/m? to 205 kW/m?, and the ignition energy increases from 0.084 MJ/m?
to 2.0 MJ/m?. A simplified heat transfer analysis reveals that lateral conductive cooling within the fuel
becomes dominant for a smaller spot ignition area. Finally, a physical-based 2-D computational model
is built to demonstrate and reproduce the experimental phenomena. This work ultimately quantifies the
potential fire risk from concentrated sunlight spots and helps elucidate the underlying mechanisms
leading to smouldering ignition.

This chapter is partially based on “S. Wang, S. Lin (co-first author), Y. Liu, X. Huang and M.

Gollner (2021) Smouldering Ignition Using a Concentrated Solar Irradiation Spot, Fire Safety Journal
(submitted)” and “S. Lin, S. Wang, P. Sun, H. Yuan and X. Huang (2021) Experimental and
Computational Study of Smouldering Ignition by Concentrated Sunlight, 2021 China National

Symposium on Combustion (submitted)”.
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3.1 Introduction

The ignition of combustible materials is fundamental to fire safety analyses, defining initiation and
leading to the eventual growth of sometimes devastating fire events. Many ignition events leading to
both structure and wildland fires occur remotely by a point heating source [1], such as the deposition of
lofted firebrands [2—4], hot metal particles [4,5], dripping molten materials [6], laser irradiation [7,8],
lightning strikes [9], and concentrated irradiation [10—13]. Significant studies have recently focused on
spotting ignition of various fuels by lofted firebrands, which can sometimes dominate the fire spread
rate in both wildland and wildland-urban interface (WUI) fires [2,3]. A less-studied source of ignition
is a concentrated sunlight spot, which can be reflected by a curved mirror or focused by a dew droplet,
curved glass window and decorations, transparent fish bowls, or cylindrical bottles filled with water
[14—-16]. From 2010 to 2015, 125 fires in the United Kingdom were reported to be triggered by a
concentrated sunlight spot [17], posing threats to both human lives and property. However, to the best
of the authors’ knowledge, this remote ignition phenomenon has not received a detailed and quantitative
study, presenting a key knowledge gap.

Over the past 50 years, limited studies have investigated flaming ignition by a laser spot or
concentrated irradiation. Kashiwagi [7,8] showed that the minimum radiant heat fluxes for flaming
autoignition are 90 kW/m? for red oak and 160 kW/m? for PMMA, performed with a 2-3 ¢cm diameter
laser spot. By increasing the diameter of the heating spot to about 3.5 cm, the minimum radiant fluxes
decreased to 80-90 kW/m?, still much higher than the 25-50 kW/m? reported for auto-ignition of 10-cm
width square wood samples more evenly heated in a cone calorimeter [18]. Later, the laser ignition of
thin PMMA sheets with different orientations has also been investigated experimentally and
numerically [19,20]. Grishin et al. [10] generated a light beam by a tungsten lamp to ignite a porous
forest fuel layer with a bulk density of 6-24 kg/m? and revealed that the required irradiant heat flux for
flaming ignition decreases as the heating diameter increases from 8 mm to 27 mm. Warren [11]
concentrated sunlight using a spherical water-filled glass bowl with a diameter of 200 mm and
demonstrated the possibility of smouldering ignition of print paper by concentrated irradiation. Recently,
Sandia National Laboratories [12,13] used hundreds of reflection mirrors in a concentrated solar tower
plant to generate an irradiation greater than 2,000 kW/m? (about 0.5-m diameter spot) that could ignite
some common fuels within a few seconds.

Compared to spotting ignition by direct contact with a hot metal spark or firebrand (i.e., transfer of
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both a physical heat source and fuel) [2,4], ignition by a concentrated irradiation spot involves only
energy transfer. Thus, such an ignition process is simpler, which may also provide valuable information
applicable to other spotting ignition processes. Once an intense irradiation spot is applied, a recipient
fuel may first be heated, dried, decompose, and then begin to smoulder. Auto-ignition directly to a
flaming mode of combustion is also possible if the radiation is strong enough [8,21]. Smouldering
combustion is slow, low-temperature and flameless burning of porous fuel, which is sustained as a
heterogeneous oxidative process and different from flaming combustion [22]. Smouldering is a
common fire phenomenon in both structures and wildland, such as the burning of upholstered furniture,
mattresses, firebrands, duff, and peatlands [23,24]. Smouldering can be easily initiated by a weaker
ignition source or even self-ignited, providing a shortcut to severe fire events through the smouldering-
to-flaming transition [22-27]. Therefore, it is of vital significance to fully understand smouldering
ignition, but so far, little research has studied the smouldering ignition by a point heating source, and
the ignition criteria are still poorly understood.

This work investigates the smouldering ignition of multiple-layered tissue paper samples by intense
point irradiation, i.e., a sunlight spot concentrated by a spherical glass ball. Within the focus length, the
diameter of the heating spot was varied from 1.5 mm to 20 mm, and the intensity of irradiation was
varied up to 780 kW/m?. The ignition delay time, critical heat flux, and ignition energy of smouldering
by the irradiation spot were quantified. Afterwards, a simplified heat transfer model was proposed to
(1) explain the varying minimum irradiation and energy required for smouldering ignition and (2)
quantify the potential ignition risk initiated by the concentrated sunlight in both structure and wildland
fires. Finally, a 2-D computational model was developed to verify the experimental observation.

3.2 Experimental methods
3.2.1 Materials and apparatus

Thin tissue paper made of unbleached pulp was used in the experiment, as it was a typical thin fuel
that could be found in residential buildings and similar in nature to cellulosic wildland fuels. Before the
test, the tissue paper was first oven-dried at 75 °C for 48 h, and its dried bulk density was measured to
be 98 + 5 kg/m’. Afterward, it was placed into an electronic dry cabinet to avoid re-absorption of
moisture from the air. For the test, the tissue was first cut into a size of 60 mm x 60 mm, and six layers

of tissue were packed into a sample with an overall thickness (&) of about 2 mm (see Fig. 3.1a). For a
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single layer of tissue (about 0.1-mm thick), the concentrated irradiation spot would create a hole on the

tissue directly without ignition, so multiple layers of tissue were used.
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Fig. 3.1. (a) Schematic diagram of the designed experiment apparatus, and (b) simulated concentration factor at

different axial distance from sphere.

In the experiment, natural sunlight was concentrated by a 150-mm K9 crown glass sphere with a
refractive index (#.) around 1.53. The spherical lens minimized the operation of the concentrator during
the experiment, because its projection of sunlight beam was fixed and insensitive to the position of the
sun. The focal length and back focal length of the crown glass sphere were theoretically calculated to

be 108 mm and 33 mm [28], as illustrated in Fig. 3.1b.
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A positioning device was fixed perpendicular to the surface of the base stand (Fig. 3.1a). To ensure
that the device was parallel to the sunlight, the angle of the base stand was adjusted until the light beam
passed through the hole in the middle of the front aluminium block and projected on the middle of the
back aluminium block. A solar power meter was fixed at the front towards the sunlight direction to
record real-time solar irradiation (g¢'). The sample frame was a hollow box that provided a volume of
60 x 60 x 2 mm? for the tissue sample and was inserted into the sample holder. The sample holder was
installed on a slide that can adjust its distance between the tissue sample and the glass sphere with a

precision of 0.5 mm.
3.2.2 Irradiation heat flux of concentrated light spot

Traditionally, the value of incident radiant heat flux can be measured by a radiometer. However, as
the diameter of the light spot decreases, the heat flux of sunlight concentrated by the glass sphere could
exceed 500 kW/m? which was much higher than the upper limit (usually 100-200 kW/m?) of a
conventional radiometer. Thus, to quantify the high irradiation of concentrated sunlight spot, an optical
simulation performed in 7racePro [29] was first used to correlate the size of the light spot and
theoretical irradiation (g.) concentrated by a 150-mm crown glass sphere.

In the optical simulation, the overall concentration factor (C ) considered not only optical
concentration, but also the actual energy dissipation, such as the light reflected, refracted, and absorbed
by the glass sphere in the transmitting process [11]. Fig. 3.1b shows the simulated concentration factor
(C) vs. light spot diameter (D) of a 150-mm glass sphere. Note that the peak concentration factor is
about 900 at about D =2 mm, which is not at the optical back focal length. Due to losses resulting from
reflection, refraction, and spherical aberration, the concentration factor of the smallest light spot (D =
1.5 mm) is about 460 at the back focal length.

With the instant solar irradiation (§¢') and the concentration factor for different light spots

determined, the actual concentrated solar radiant heat flux to the fuel sample can be calculated as

qc = Cqs (3.1)

For example, if the solar irradiation is 1 kW/m?[30], the resultant heat flux peaks at around 900
kW/m?, which is close to the literature value [11]. In addition, the conventional radiometer was used to
measure the concentrated solar irradiation of large spots up to 200 kW/m? and compare with the

calculated values by Eq. (3.1) in Fig. A3.1. Good agreement was found between the radiometer and
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calculated values, confirming the accuracy of the irradiation heat flux based on the optical simulation.

Sunlight through the glass sphere will also form a caustic zone instead of a focal point due to the
existence of spherical aberration, that is, the blurry appearance of the outer part of the view of a convex
lens [15]. As the spots become intensively blurry beyond the focus length, their edge could be hard to
identify. Therefore, to maintain better precision, only light spots within the back focal length with
clearly defined boundary were adopted in the experiment [31]. In total, four different positions (x) of 3
mm, 13 mm, 19 mm, and 33 mm within the glass sphere’s back focal length were tested, with respect

to four heating diameters (D) of 20.0 mm, 9.0 mm, 5.5 mm, and 1.5 mm, as summarized in Table 3.1.

Table 3.1. Summary of diameters of the concentrated irradiation spots (D) and concentration factors (C) at

different distances from the glass sphere.

Distance from sphere, x (mm) 33.0 19.0 13.0 3.0
Irradiation spot diameter, D (mm) 1.5 5.5 9.0 20
Concentration factor, C 460 294 134 38

3.2.3 Experimental procedures

Before the test, the diameter of the light spot was adjusted by controlling the distance between the
glass sphere and sample. Afterward, the light spot was shielded by a piece of black cardboard, and the
tissue sample was inserted into the sample holder. Once the solar irradiation heat flux (gg') read by the
solar power meter was relatively constant, the back cardboard was removed to allow the light spot to
irradiate the fuel surface. Then, the sample was heated by the light spot for a prescribed duration (t).

For flaming ignition, the time of ignition can be determined by the appearance of a flame. However,
it was not possible to instantaneously determine the success of smouldering ignition and the exact
ignition time [26]. Thus, the tissue sample was first heated for a prescribed duration, and then it was
left in the controlled environment without wind for another 5 min for further observation. Successful
smouldering ignition was then identified if the smouldering spot was self-sustaining. A self-sustained
smouldering is defined as the smouldering front successfully propagating outwards from the heating

region within 5 min, eventually burning out the sample. If smouldering ignition was not observed, the
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heating duration was increased until smouldering ignition was successful. Then, more than 100 tests
were conducted using the same heating diameter under a range of concentrated irradiations. Afterward,
the diameter of the heating spot was varied by moving the sample within the focal length to investigate
its effect on smouldering ignition.

In total, more than 600 tests were conducted outdoors on typical summer sunny days with a clear
blue sky. Depending on the weather and solar zenith angle, the instant solar radiation ranged from 0.2
kW/m? (at nightfall) to 1.6 kWm? (at noon). During the test, the ambient temperature was 29 + 2 °C,
the relative humidity was 82 + 10 %, the wind speed was 5.5 £ 0.9 m/s, and the ambient pressure was
101 kPa.

3.3 Experimental results
3.3.1 Smouldering spotting ignition phenomena

Fig. 3.2a shows an example of a successful smouldering ignition process by a concentrated
irradiation spot with a diameter of 1.5 mm and a resultant irradiation heat flux of 560 kW/m?. Once the
irradiation spot was applied on the sample surface, some smoke was released, likely a combination of
condensed water vapor and pyrolysis gases [26]. Continuing the heating, the surface layer within the
light spot turned black (or charred) and cracked, allowing the light beam to heat the lower layers directly.
After heating for about 8 s, the sample detached from the apparatus but remained in the controlled
environment (without wind) for another 5 min. As a result, the black spot expanded outwards evenly,
expanding at a stable rate, and eventually burned out the sample. Fig. 3.2b shows an example of a failed
smouldering ignition process by the concentrated irradiation spot with a diameter of 1.5 mm and a
resultant radiant heat flux of 300 kW/m?. Initially, smoke and a charring tendency were also observed.
However, after heating for 8 s, no smouldering propagation phenomenon was observed, indicating a
failed ignition.

3.3.2 Irradiation duration for ignition and critical irradiation

The experimental outcomes under different diameters of concentrated irradiation spots (D) and the
resultant irradiant heat fluxes (q.) are summarized in Fig. 3.3, where the solid and hollow markers
represent failed and successful ignition, respectively. Note that the instant solar radiation (q¢") changed
from time to time, so there was a large scattering in the irradiation value. Given the diameter of the

concentrated irradiation spot, the required heating duration for the smouldering ignition (t;4) decreases
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as the external irradiation increases. This trend is similar to the piloted flaming ignition theory, where

the flaming ignition time is mainly the required heating time for pyrolysis [26,32,33].

(a) Successful smoldering ignition (D = 1.5 mm, g./= 560 kW/m?)

100
Heating s

for8s

Heating
for8s

Fig. 3.2. Smouldering ignition of dried tissue samples by concentrated irradiation spot with a diameter of 1.5
mm for 8 s, (a) successful ignition under irradiation of 560 kW/m?, and (b) failed ignition under irradiation of

300 kW/m?2.

In general, the required duration for smouldering ignition (t;4) is the time to heat the fuel surface
to a critical smouldering temperature (T,,,) which is the threshold temperature of char oxidation [26].
For a typical 1-D thermally-thin material (i.e., small Biot number Bi < 0.1), if heat transfer inside the

fuel is neglected, the ignition time can be approximated as
- pcp6(Tsm - TO)
¢’ = Gere

where p, c¢,,and § are the density, specific heat, and thickness of fuel, respectively; T, is the initial

ig (3.2)
fuel temperature; and g, is the critical heat flux for smouldering ignition.

Fig. 3.4 further verifies the relationships between t~! and g/ with different diameters of the
concentrated irradiation spots, where the linear correlations of the ignition boundaries (i.e., t;g) were
obtained from the logistic regression model [34]. Based on Eq. (3.2), the critical heat flux for

smouldering ignition (g..;) can be estimated by a linear extrapolation of ignition boundary towards the
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x-axis (i.e., t;g = ), as indicated in Fig. 3.4. Interestingly, as the diameter of concentrated irradiation

spot decreases from 20 mm to 1.5 mm, the critical heat flux increases dramatically from 18 kW/m? to

205 kW/m? (see the summary in Table 3.2).
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Fig. 3.3. The experimental outcomes under different diameters of irradiation spots (D) and the resultant irradiant

heat fluxes (q;'), where the solid and hollow markers represent failed and successful ignition, respectively.
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levels, where the fitting curves of ignition boundaries were obtained from the logistic regression model.

Fig. 3.5a further plots the critical irradiation heat fluxes for smouldering ignition vs. the spot
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diameters. The critical irradiation for the smouldering ignition of a tissue sample under the cone
calorimeter is also shown, where the cone calorimeter has a 100-mm heating diameter which would
fully cover the whole surface of 60 mm x 60 mm tissue sample (i.e., equivalent D = 60 mm). Clearly,
as the diameter of the irradiation spot increases, the critical heat flux for smouldering ignition decreases,
and eventually, it approaches a near-minimum value obtained from the cone calorimeter (about 11

kW/m?).
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Fig. 3.5. The relationship between diameters of irradiation spots (D) and (a-b) critical ignition heat fluxes (§.¢);

and (c-d) smouldering ignition energy (Ejg nin), Where the laser ignition data of PMMA and red oak sheet are

from Kashiwagi [7], and data of the pine needle bed are from Grishin et al. [10].

As a reference, critical heat fluxes for flaming auto-ignition of the 12-mm thick PMMA sheet and
the 17-mm thick red oak wood by a 25-mm laser spot [7] and a loose pine needle bed (~20 kg/m?) by a
light beam [10] are also plotted in Fig. 3.5a. In general, the thickness of the fuel sample should not
affect the critical irradiation heat flux when radiant heating and environmental cooling reach a balance.
As expected, under the same irradiation-spot size (25 mm), a much large irradiation heat flux is needed
to achieve a flame auto-ignition [7]. For very porous pine needles, the smouldering ignition was first

achieved and then transitioned to a flame [10]. More importantly, the absorption of irradiation by a
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porous fuel was a volumetric process, which is more effective than the surface absorption by a more
compact tissue in this work, so its critical irradiation heat flux for smouldering ignition was smaller.
For the current experiments, an empirical correlation between the critical heat flux (qg-;) for

smouldering ignition and the diameter of concentrated irradiation spot (D) can be formulated as

. 300

Aert = 11 + T (33)
where units of [kW/m?] for ¢/, and [mm] for D are used. Excellent linearity is found using
logarithmic coordinates in Fig. 3.5b, with an R? coefficient of 0.97, indicating a strong power-law

correlation.

Table 3.2. Summary of critical heat flux (¢s-¢) and minimum ignition energy (E{g ;) for smouldering spotting

ignition with different light spot diameters.

Irradiation spot diameter, D 1.5 5.5 9.0 20 60*

(mm)

Critical irradiation for ignition,

1 205 82 52 17.5 11.5
qecre (kW/ mz)

Minimum ignition energy,

. 2.0 0.56 0.28 0.084 0.031
Eig,min (MJ/mz)

*The whole 60 mm % 60 mm sample was tested under the irradiation of the cone calorimeter.

3.3.3 Ignition energy

The smouldering ignition energy per unit area (E;;) for the thin tissue sample provided by the

concentrated irradiation can be approximately calculated as

y . C'III
Elg = 4i'tig = pcpS(Tom = To) zir——ir (3.4)

c ~ Yert

where the minimum heating duration for ignition (¢;4) could be obtained from Fig. 3.4. The smouldering
ignition energy for different diameters of the irradiation spot is shown in Fig. 3.6. As the irradiation
level (q;) increases, the ignition time decreases, and the ignition energy gradually decreases, eventually

approaching a minimum value [26], as shown in Fig. 3.6. Then, the minimum ignition energy per unit

n

area of smouldering (Ejg ;) can be defined. Eq. (3.4) suggests that E

n

ig,min should be a material
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constant of pc,8(Tey — To) at q; > qGiye, which disagrees with the different trendlines in Fig. 4.6.
Fig. 3.5¢c-d further compares the values of Ejg ;, for different spot diameters (also see Table 3.2).

As the diameter of the irradiation spot increases from 1.5 mm to 20 mm, the El-'!'],min decreases from

2.0 MJ/m? to 0.084 MJ/m?. An empirical correlation between minimum ignition energy flux (El-'!’],min)

and spot diameter (D) can be found as

" 2.9
Eig,min =0.03 + F (35)
where units of [MJ/m*] for E[j,.; and [mm] for D are used. An excellent degree of fit (R?
coefficient of 0.99) can be seen using logarithmic coordinates in Fig. 3.5d. In other words, both the
critical irradiation heat flux and the minimum ignition energy per unit area change with the diameter of

irradiation spot, indicating that the conventional 1-D heat transfer analysis becomes invalid for an

irradiation spot smaller than 20 mm, even if the fuel is relatively thin.
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Fig. 3.6. The relationship between ignition energy (Ejg) and the irradiation heat flux (g¢') with different spot

diameters (D), where the minimum ignition energy (Ejg ;) could be represented as the dashed trendline.

3.3.4 Theoretical analysis

To scientifically understand the effect of the small irradiation spot on the critical heat flux of
smouldering ignition, a characteristic smouldering ignition temperature (T,,) is needed. Such a

temperature should be high enough to initiate a robust char oxidation, which ranges from 230 °C to
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400 °C, depending on the type and chemistry of fuel [26,33,35,36]. Then, a simplified 2-D heat transfer
analysis based on thermal equilibrium (i.e., the thermally-thin assumption) is proposed for a sample
heated by a small irradiation spot, as shown in Fig. 3.7. Because the diameter of the spot is very small,
the conductive cooling outwards from the heating spot perimeter has to be considered.

Therefore, the critical irradiation heat flux for smouldering ignition ({.;) should be determined
via a balance between the incident radiation, environmental heat losses from the top and back sides (G

and the radial conductive heat loss to the virgin fuel (q,nq) [26,37] at the smouldering temperature

(Tsm) as

o1 T[DZ <17 T[Dz <1
Aere T = G T X2+ QCond(nD6) (3-6)
which can be further expressed and simplified as
454,
Qere = 2q6p + % (small spot) (3.7)

where the diameter of the irradiation spot is comparable to the thickness of fuel (§). Therefore, as the
diameter of the irradiation spot increases, the critical heat flux for smouldering ignition decreases,
agreeing with the trend in Fig. 3.5a. Based on the fitting correlation of ¢, = 11 + 300/D in Eq.
(3.3), the average conductive heat flux (¢z,,4) is found to be 37.5 kW/m? approximately, which is much
larger than the environmental heat loss (¢4, ) of 5.5 kW/m?. Thus, for a small irradiation spot, the internal
conductive heat transfer in the solid phase is the dominant heat loss.

As the diameter of the irradiation spot (D) increases, the effect of conduction in Eq. (3.3) gradually
approaches zero. Thus, for a larger irradiation spot, heat transfer can be approximated as a conventional
1-D process. The critical heat flux for smouldering ignition then approaches 11 kW/m? which

approximately equals the environmental heat losses [26,33] from the top and back surfaces,
Gore = 2G5 = 2[e0(Ton — Tat) + 2h(Tsy, — Too)]  (large spot) (3.8)

where &€ = 0.9 is the emissivity of the tissue paper, o = 5.67 X 1078 Jm~2s71K™* is the Stefan-
Boltzmann constant, T, is the ambient temperature, and h = 1.52(T,, — C>o)1/ 3 is the free-
convection heat transfer coefficient for a hot horizontal flat plate [38,39]. Therefore, the smouldering
ignition temperature can be calculated as T, = 251 °C, agreeing with thermal analysis data in the

literature [26,33,36].
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Fig. 3.7. Schematic diagram of smouldering ignition by concentration irradiation spot, where the critical heat

flux for ignition should balance environmental heat loss (g, ) and internal conductive heat loss from the

perimeter (Gpnq)-

As the irradiation level (q.) increases above 1,000 kW/m?, the ignition energy flux for smouldering
eventually approaches a minimum value (E/g p;, in Fig. 3.6), which is not a constant but increases as
the diameter of irradiation spot decreases (Fig. 3.5c-d). This primarily occurs because, for a small
irradiation spot, the minimum ignition energy needs to not only to heat the fuel up to its ignition
temperature (T,,), but also to overcome the large radial conductive heat loss to the surrounding fuel.

Thus, the energy balance for the minimum ignition energy can be expressed as
2

D i
Eig,min = ,DCp 6T (Tsm - To) < > + CIcondtmin (nDST) (3-9)

4
where &7 is the thermal penetrated depth. Then, the required minimum ignition energy per unit area
becomes

n

45(]cond tmin

- (3.10)

Ei’é,min = pcp6(Tsm — Tp) +
Therefore, as the diameter of the irradiation spot increases, the minimum ignition energy per unit area
for smouldering ignition decreases, agreeing with the fitting correlation of E{élmin =0.03+2.9/D in
Eq. (3.5). Based on this experimental fitting correlation and §ly,g = 37.5 kW/m?estimated from Eq.
(3.7), the thermal penetration depth could be estimated as 6y = 0.8 mm and the minimum heating
time for smouldering ignition as t,,;;, = 0.024 s, which is a theoretical limit.
The thermal penetration time (t;) may also be estimated by heat conduction or thermal diffusion
and the oxygen diffusion time (t,), which can be estimated as
5% 5?2

tr=—=—=1s (3.11)
! Ap Doz

where @, = Dy, = 5 X 10~7 m?/s [40] because of the comparable thermal and gas diffusion processes
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into the paper. The calculated t; is much larger than the t,,;, = 0.024 s estimated from the
experimental data. Thus, under an extremely large irradiation heat flux (g, > 1,000 kW/m?), the
limiting time scale may no longer be controlled by the thermal diffusion in the solid fuel, where the
diffusion of oxygen is also not fast enough to maintain any smouldering. As observed in the preliminary
experiment with a single-layer tissue (0.01 mm), when the irradiation is extremely high, the irradiation
spot will break the tissue instantaneously, leaving a hole without any form of ignition. Within such a
short period, the super-heated tissue and the formed char are likely to be evaporated within a few
milliseconds, so that this process is controlled by gasification chemistry and the thermomechanical

resilience of the material, rather than the heat transfer process.
3.4 Numerical modelling

To better explain the experimental results and understanding the role of the diameter of heating
spot, a 2-D numerical model is developed using Gpyro [41-43], which is a generalized open-source
code for reactive porous media such as peat [26,44—48], wood [49-52] and coal [53,54]. Gpyro is
capable of calculating the transient composition of gaseous species (both reactant and products) at
different locations [53,55]. By coupling the solver with separate transient conservation equations of
gaseous and condensed phase mass, species and energy, the temperature and species distributions inside
the reacting porous media can be well simulated [41,42,56].

The computational domain has the same sample length as that in the experiment. To save
computational cost and time, the computational domain can be half of the real sample owing to the
geometrical symmetry, as illustrated in Fig. 3.8.

3.4.1 2-D governing equations

The model solves the 2-D transient conservation equations for condensed and gaseous phases in
the absence of gravity, and thermal equilibrium is assumed between gas and condensed-phase species.
The governing conservation equations are provided here, including the conservation of mass (Eq. 3.12),
species (Eq. 3.13) and energy (Eq. 3.14) in the condensed phase as well as the mass (Eq. 3.15), species
(Eq. 3.16) and momentum (Darcy’s law) (Eq. 3.17) in the gas phase. The subscripts i, j and k represent
the number of condensed-phase species, gas-phase species, and reaction, d and frefer to the destruction
and formation of species, and z and x refer to vertical and horizontal directions, respectively. The details

of the mathematical formation of these equations can be found in [42].
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(3.12)
(3.13)
(3.14)

(3.15)

(3.16)

(3.17)

For the symmetrical plane (x = 0), adiabatic and impermeable boundary conditions are applied,
as shown in Eq. (3.18) and Eq. (3.19). At the top free surface (z = 0), initially, irradiation (§,) with a
heating diameter of D is applied for a prescribed duration (t;) to simulate the concentrated sunlight,
and both convective (h¢ ;-9 = 10 W/m? - K) and radiative heat loss are considered (Eq. 3.20). The
mass transfer of gas species on the top free surface is calculated through Eq. (3.21). Based on the heat-
mass transfer analogy, the mass transfer coefficient can be approximated as hy, ,—g = h¢ ;=/Cq =
2. s, where Cy 1s the specific heat capacity of gas species and is assumed to be constant at
1,100 J/kg- K in the simulation [55]. At the right and bottom boundary (z = § and x = L/2), similar
to the top free surface, both convective (h ,—o = 10 W/m? - K) and radiative heat loss are considered,

and a same mass transfer of gas species is applied. The ambient pressure and temperature are assumed



to be 1 atm and 300 K. The whole computational domain has the same initial gas composition as the
ambient air (Yp, = 0.232 and Yy, = 0.768). The solution starts to converge at Az = Ax = 0.1 mm
and At = 0.01 s. Further reducing the cell size and time step by a factor of 2 gives no significantly

different results, so the calculations are sufficiently resolved.

Ak 0 3.18
ax x=0 - ( : )
i 3y,
lppgDeffa =0 (3.19)
x=0
oT 4 4
_ka_ ={(ge — hC,Z=0(T|Z=O —Ty) —eo(T |z=0 —THO<t< th)
Xlz=0
oT
—k— = —hcz=0(T|z20 — Too) — <‘50'(7”1'|Z=0 - To‘é) (t>ty) (3.20)
0x z=0 ’
_ aY} -
_lppgDeffa = _hm,z=0 (Yj|Z=0 - YJ ) (3.21)
z=0

3.4.2 Chemical kinetics

As tissue paper is mainly made of wood fibres, thus, the chemical kinetics of wood is applied here.
In general, wood as natural biomass has three major components with different pyrolysis temperature,
hemicellulose (~250 °C), cellulose (~300°C), and lignin (~350°C) [57-59], and their pyrolysis processes

can be expressed by a 3-step pyrolysis kinetic scheme

Hemicellulose — Char + Pyrolyzates (3.22)
Cellulose — Char + Pyrolyzates (3.23)
Lignin — Char + Pyrolyzates (3.24)

For modelling any smouldering combustion, the char oxidation (Eq. 3.25) has to be included in the

model.
Char + O,—Ash + gas (3.25)

The non-dimensional (*) reaction rate of reaction (k) and reaction (4) can be expressed by Arrhenius

law as

- Ex \
Wy = Zyxexp (— ﬁ) f(mA)g(YOZ) (3.26)
where Z, is the pre-exponential factor, and Ej, is the activation energy. The function for mass action

of reactant A is
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ng

* *\T mA

f(my) = (my)™ = ( ) (3.27)
Msa0

where mg, o 1s the original source mass of the species A [58], and ny is the reaction order. The

oxidation model considers the oxidative pyrolysis as

9(Ye,) = (1 +Yp,) ™% -1 (3.28)
where ny o, is the order of oxidation. The kinetic parameters for the smouldering of tissue paper are
obtained by optimizing the TG data in both inert and oxidative atmospheres using the Kissinger-Genetic
Algorithm (K-GA) method (see detailed description in [60,61]) and are listed in Table 3.3. The averaged

properties in each cell are calculated using the appropriate mass fraction or volume fraction. The

detailed species thermophysical properties and kinetic parameters can be found in [62] and Table 3.4.

Table 3.3. Chemical kinetic parameters and yields of 4-step reaction for tissue paper; reaction expression is Ay +

Vo, k02 = Vg B + Vg gas, and AH > 0 is endothermic and AH < 0 is exothermic.

Parameter Hemicellulose Cellulose Lignin Char
pyrolysis pyrolysis pyrolysis oxidation

1gA, (Ig(sh) 8.2 11.4 21.4 12.9

Ey (kJ/mol) 106 154 229 184

ng (-) 1.49 0.95 8.7 1.27
N0, () 0.18 7.5 8.2 1

Ve (kg/kg) 0.24 0.27 0.40 0.06
AH, (MJ/kg) 0.2 0.2 0.2 -20
Vo, (kg/kg) 0.5 0.5 0.5 1.5

Table 3.4. Physical parameters of condensed-phase species [62,63].

Species Yo () p (kg/m?) k (W/m-K) ¢ (J/kg-K)
Hemicellulose 0.209 150 0.05 1500
Cellulose 0.529 150 0.05 1500
Lignin 0.262 150 0.05 1500
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Char 0 100 0.03 3000

Ash 0 15 0.01 3000

3.4.3 Numerical results

In the present study, two base cases are first presented to demonstrate the successful and failed
ignition of smouldering combustion. To better display the transient characteristics, the 2-D profiles of
temperature and heat release rate (HRR) are shown simultaneously here (Fig. 3.9), where the left and
right sides of the symmetric plane represent the profiles of temperature and HRR, respectively. With a
heating diameter of 20 mm, right after the heating for 50 s, a hot region with intense heat emitted
emerges at the heated region. Afterwards, it gradually spread outwards without clear temperature
decrease or deceleration of propagation rate. At t = 500 s, the smouldering propagates to the end of
the sample and eventually burns out the sample. For comparison, a failed ignition case, where the
heating diameter is decreased to 5 mm, is shown in Fig. 3.9b. it could be seen in this case, right after
the heating for 200 s, the sample temperature also reaches about 300 °C. However, after that, the
temperature starts to decrease with no heat emitted. Eventually, the temperature decreases to ambient

temperature at about 300 s. All these phenomena are consistent with our experimental observations.

(a) Successful ignition (P = 20 mm, g}/ = 25 kW/m?) (b) Failed ignition (D = 5 mm, g/ = 25 kW/m?)
0 s (before ignition) 0 s (before ignition)
50 s (right after heating) 200 s (right after heating)
800 100
200s 210s
700
80
50 1 g0
a0 | | 50
4005 250's 300 ) 40
30
200 20
100 10
: ’ 25 e o
500 s 300's '
[
Burnout Extinction

Fig. 3.9. Transient profiles of temperature and heat release rate of (a) successful ignition case with a heating
diameter of 20 mm and (b) failed ignition case with a heating diameter of 5 mm under the irradiation of 25

kW/m?.
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Following the two base cases above, we further simulate the critical heat flux for successful ignition
with different diameters of irradiation spots. Fig. 3.10 summarizes the predicted results (dashed line)
and compares with the experimental measurements (markers). In general, simulations show a
satisfactory agreement with experimental data, and our model is therefore further validated. The effect
of the diameter of irradiation spot is also well predicted by the model; that is, the critical heat flux for
ignition decreases with the diameter of irradiation spot increases. For example, as the diameter of
irradiation spot increases from 1 mm to 20 mm, the critical heat flux for ignition decreases dramatically

from 290 kW/m? to 13 kW/m?. All these predictions agree with our experimental measurement.

300

® Experiment

---- Prediction
250 R

(KW/m?)

"
crt

200

e —— S T T 7

150

100 \

50r N\ ®

Critical heat flux for ignition, ¢

0 10 20 30 40 50 60
Diameter of irradiation spot,D (mm)

Fig. 3.10. Predicted critical heat flux for ignition with different diameters of irradiation spots, where the

experimental results are plotted for comparison.

3.5 Conclusions

In this work, we investigated the smouldering ignition of multi-layered thin tissue paper by small
irradiation spots. Irradiant spots were experimentally generated via concentrating sunlight by a
transparent glass sphere with a diameter of 150 mm and a focal length of 108 mm. To quantify the
concentrated radiant heat flux, optical simulations using TracePro were conducted to model the
diameter of the irradiation spot and the resulting radiation distribution.

We found that as the solar irradiation increases or the diameter of the irradiation spot decreases, the
resultant irradiance increases. Given a fixed-size irradiation spot, the smouldering ignition time

decreases as the concentrated irradiation increases, following the classical piloted ignition theory.
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However, the measured minimum spot irradiation for smouldering ignition is not constant but remains
much higher than the 11 kW/m? measured from cone-calorimeter tests. As the diameter of irradiation
spots decreases from 20.0 mm to 1.5 mm, the minimum irradiation necessary for smouldering ignition
increases from 17.5 kW/m? to 205 kW/m?, and the ignition energy increases from 0.084 MJ/m? to 2.0
MJ/m?.

A simplified heat transfer analysis was proposed, which explains the critical smouldering ignition
heat flux and the minimum ignition energy for tiny irradiation spots by including two-dimensional
cooling effects. A 2-D model using open-source code Gpyro was established to reproduce the
experimental phenomena and verify the results. Future numerical simulations are needed to further

reveal the underlying physical and chemical process of smouldering spot ignition for other fuels.
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CHAPTER 4: Transition from Flaming to Smouldering and Limiting Conditions

Summary

Timber is one of the most cost-effective and environmentally friendly materials that has the
potential to offer great benefits to a sustainable future, but its fire safety is still a significant concern. In
this work, we investigate the burning behaviours of different types of woods and their self-extinction
mechanism under external radiation. A unique near-limit flame is observed when the irradiation is above
a critical value of about 40 kW/m?. Such a near-limit flame is weak, blue, and discrete that tends to
attach to the wood residue surface, different from the normal buoyancy-controlled sooty yellow flame.
If the irradiation is low (<40 kW/m?), the yellow flame extinguishes and transits directly to smouldering
at the mass flux of about 4 g/m?-s. However, above the critical irradiation level, the yellow flame transits
to the blue flame that does not extinguish until the mass flux of around 1 g/m?-s, extending the flame
extinction limit of timber materials. The near-limit blue flame may appear only if the char surface
temperature exceeds 700 °C. Two critical conditions are hypothesized for this unique blue flame, (I) in-
depth pyrolysis (mainly lignin) sustained by the internal smouldering combustion, and (II) the hot
surface maintained by large external radiation to extend the flammability limit. This unique blue flame
may play an essential role in the transition between flaming and smouldering and help evaluate the fire
risk of timber materials under real fire scenarios.

This chapter is based on “S. Lin, X. Huang, J. Gao and J. Ji (2021) Extinction of Wood Fire: A
Near-Limit Blue Flame above Hot Smouldering Surface. Fire Technology. doi: 10.1007/s10694-021-

01146-6.
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4.1 Introduction

Timber is natural, renewable and sustainable, and has been reconsidered as a preferred construction
material for high-rise buildings owing to its abundance in nature, high stiffness, and the high strength-
to-weight ratio [1-3]. In recent years, many environmental-friendly high-rise timber buildings have
sprung up rapidly all around the world, e.g., the 18-story timber building (85 m) in Brumunddal, Norway
(Fig. 4.1a). Attributed to innovative timber materials like the cross-laminated timber (CLT) [4,5],
Sumitomo made a plan to build a 70-story (350 m) timber skyscraper in Tokyo by 2041 [6]. However,
the fire risk of timber is still the primary concern, and the application of high-rise timber building is
highly controversial [1,3], because of its flammable nature and large fuel load in structures [7]. For
example, a recent fire in Notre Dame Cathedral (Fig. 4.1b) burnt out its wooden frame that was made
of oak about 800 years ago [8]. Thus, it is urgent to fully understand the fire dynamics and combustion

limits of timber materials owing to the fast growing market of timber buildings [2,9].

Fig. 4.1. (a) The 18-story apartment building Mjestérnet in Norway (Photo courtesy the Council on Tall
Buildings and Urban Habitat), (b) the Notre-Dame de Paris fire on 15 April 2019 (Photo courtesy Wiki

Commons), and the blue flame above the (¢) timber (cc by S. Lin), and (d) charcoal (cc by M. Simon).

In the literature, the ignition of various timbers or wooden materials has been studied extensively
to understand the initiation and growth of timber fires [10—16]. Like most flammable materials, the
combustion limits and fire behaviours of timber materials can be influenced by both environmental (e.g.,
heating source, oxygen concentration, and wind velocity) and material (e.g., density, composition,
moisture, and age) factors [17-21]. Moreover, timber, as a typical charring material, can sustain both

flaming and smouldering combustion [13]. Flaming is a homogeneous combustion process, while
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smouldering is the slow, low-temperature, and flameless burning of porous fuels and is the most
persistent type of combustion phenomenon [22]. For high-density wood fuels, the difficulty of ignition
in terms of the ignition delay time under the external irradiation is found to increase from the piloted
flaming ignition to flaming autoignition, and to smouldering (or glowing/surface) ignition [23-25]. This
is different from low-density and high-porosity materials (e.g., PU foam and peat soil), for which
smouldering ignition is the easiest [22,25].

On the other hand, a flame is sometimes found not to be able to sustain above the timber material
after ignition, i.e., the self-extinction may occur [10,26,27]. The self-extinction of timber flame is a
crucial concept that supports the fire safety of high-rise timber building and its fast-growing market
[9,26,28,29]. However, very few studies have investigated the extinction mechanisms of timber and
quantified its combustion limits. Previously, Babrauskas [30] used a flame to ignite a timber material
for several minutes and found the self-extinction occurred once the igniting flame was removed.
Emberley et al. [9,15] further studied the self-extinction of flaming timber and CLT under external
radiation and found the critical heat flux of 43.6 + 4.7 kW/m? and the minimum mass flux of 3.93 +
0.45 g/m?*'s were required to sustain the flame. Vermesi et al. [17] found that for engineered wood, the
critical mass flux for flameout varied in a wide range (1.4-17 g/m?*-s). Nevertheless, extinction of the
flame is not the end of a fire, as it may be followed by the smouldering [31]. Moreover, under specific
conditions, smouldering may also transition back to the flaming, i.e., the smouldering-to-flaming (StF)
transition [22,32]. Therefore, in a real timber fire, the ignition (and re-ignition) and extinction of the
flame, as well as smouldering combustion, could repeatedly occur several times until the eventual
burnout, during which the timber material loses its stability or even collapses [15].

In our recent wood fire tests, a thin layer of weak blue flame (Fig. 4.1¢) was observed floating
above the wood surface near the flaming extinction limit. A similar blue flame is also widely observed
in the burning charcoal (Fig. 4.1d). Such a near-limit blue flame may play an important role in defining
the true extinction limit of timber flame and the transition between flaming and smouldering, while to
the best of authors’ knowledge, the combustion mechanism dominating this unique phenomenon has
not been systematically studied yet, posing a knowledge gap. In this work, we will quantify the
extinction limits of timber flame and its near extinction fire behaviours using both laboratory

experiments and phenomenological analysis.
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4.2 Experimental methods

Six different types (species) of natural woods, which have the same dimension of 10 cm % 10 cm
x 3 c¢cm and different densities, were tested (Fig. 4.2a). Before the experiments, all wood samples were
first oven-dried at 70 °C for 48 h, and then, placed into an electronic dry cabinet to avoid the re-
absorption of moisture from the air. Their dry bulk densities from low to high are listed in Table 4.1.

All experiments were conducted under the cone calorimeter (FTT iCone Plus), which mainly
includes a conical heater, spark igniter, sample holder, and precision scale, as illustrated in Fig. 4.2(b).
The conical heater could provide relatively constant and uniform irradiation (g, ) to the sample area of
10 cm %10 cm, so that the whole top surface of the wood sample would have uniform irradiation [33].
Before the test, the temperature of the conical heater was calibrated with the irradiation level, which
was measured by a radiometer. The test section, including the wood sample, sample holder, and cone

heater, was partially open to ensure a sufficient air supply and smoke ventilation.
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Fig. 4.2. (a) A photo of the wood sample, and (b) a schematic diagram of the experimental apparatus.

The piloting spark was placed at 5 mm above the top surface of the wood sample. Once the flame
was piloted, the spark was removed, while heating was continued until the sample mass no longer
changed or the wood sample completely turned into white ashes (i.e., burnout). The test process was
recorded by a side-view camera, and the sample mass was monitored by the precision scale (+ 0.1 mg).
The surface temperature of wood was carefully monitored using a K-type thermocouple (0.5 mm
junction bead diameter) that was contacted with the wood top surface. During the test, the ambient

temperature was 22 + 2 °C, the relative humidity was 50 + 10%, and the ambient pressure was 1 atm.
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For each test, at least two repeating experiments were conducted to ensure the experimental repeatability

and quantify the experimental random uncertainty.

Table 4.1. The dry bulk density (p), ignition mass flux at 50 kW/m? (i), critical heat flux (g ¢,) for near-limit

blue flame, and extinction mass flux for yellow flame (11, y) and blue flame (1) ) for different wood types,

where the standard error of repeating tests is within 5%.

17 1

= 1! =1
Wood P mig dcre Mex,y Mex,B

sample (kg/m®)  (g/m?s)  (kW/m?)  (g/m?*s) (g/m?-s)

A 406 7.4 52 3.9 0.91
B 560 8.4 37 4.0 1.08
C 570 9.6 37 3.9 0.89
D 588 10.5 37 4.2 0.93
E 781 12.5 32 4.0 0.96
F 816 12.8 32 3.9 0.92

4.3 Experimental results
4.3.1 Fire phenomena and critical heat flux

Figure 4.3 shows the examples of fire phenomena of Wood C under different external radiation (q;)
of 30 kW/m? and 60 kW/m?, respectively. The critical mass fluxes and time moments of transitioning
to different stages are also indicated in Fig. 4.3. Before the piloted flaming ignition, smoke was always
observed, likely the pyrolysis gases [25,34]. Continuing the heating, a strong buoyancy-controlled
yellow flame was piloted by the spark and maintained.

Under the lower irradiation of 30 kW/m?, a two-stage burning process was observed (Fig. 4.3a).
After the extinction of the initial strong yellow flame, a stable smouldering fire in the solid phase
occurred and sustained until burnout. On the other hand, under the higher irradiation of 60 kW/m?, a
three-stage burning process was observed (Fig. 4.3b). Specifically, after the extensive burning of yellow
flame, a near-limit blue flame appeared and lasted for more than 20 min before transitioning to
smouldering. This flame is weak, blue, flat, discrete above parts of the wood residue surface, and only

slightly affected by buoyancy effect, all of which are quite different from the regular yellow flame, as
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compared and summarized in Table 4.2. Fig. 4.4(a) compares the durations of strong yellow flame and
near-limit blue flame of wood C as a function of external radiation, where the blue flame can last around
10 min longer than the yellow flame. The durations for both flame types decrease as the external

irradiation increases, because the external irradiation accelerates the burning processes.
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(Flame Ignition) (Flame Ignition)
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2] e

(I) Strong Yellow Flame (I) Strong Yellow Flame
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(Flame Extinction)

(II) Blue Surface Flame

gy, = 1.1 g/m>-s
(Flame Extinction)

(IT) Smoldering

(II1) Smoldering
(a) g& = 30 kW/m? (b) g¢' = 60 kW/m?

Fig. 4.3. Different burning phenomena of Wood C under the external radiation (g,") of (a) 30 kW/m?, and (b)

60 kW/m?.

Moreover, the experiments have quantified the critical (minimum) irradiation level for the
appearance of this near-limit blue flame (g;) and the three-stage combustion processes. As showed in
Table 4.1 and Fig. 4.4(b), the required critical heat flux is found to increase as wood density decreases,
where the average value is about 40 + 10 kW/m?. Specifically, Wood F with the highest bulk density of
816 kg/m? can maintain the blue flame at the lowest critical irradiation of 32 kW/m?, while the Wood A
with the lowest density of 406 kg/m? requires the highest critical irradiation of 52 kW/m?.

In the real fire scenarios, wood materials may receive high irradiation from nearby hot smokes or
flames (e.g., > 80 kW/m? in post-flashover compartment fires and wildland fires) [9]. Therefore, one
can expect that after the disappearance of intense yellow flame, this kind of blue flame can still be
sustained on timber for an extended period, although it may be too weak to be clearly visible. Also, as
the blue flame does not entirely cover the wood surface, oxygen molecules may diffuse into the charred

wood, so that smouldering may co-exist with the flame. Thus, this unique blue flame may not only help

evaluate the fire risk of timber materials under real fire scenarios, but also play an essential role in the
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transition between flaming and smouldering.
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Fig. 4.4. (a) Durations of strong yellow flame and near-limit blue flame of wood C as a function of external

irradiation, and (b) critical irradiation for blue flame vs. wood density.

Table 4.2. Phenomenological comparison between the near-limit blue flame and normal yellow flame.

Buoyancy Cover
Flame Colour Intensity Smoke Continuity Height
effect sample
Near-limit
blue weak invisible discrete <5cm slight partial
flame
Normal
yellow strong visible continuous >5cm strong complete
flame

4.3.2 Critical mass flux

The mass flux (mh'") is the mass-loss rate (or burning rate) per unit area, which is considered as one

of the most important parameters to quantify different forms of combustion [35]. During the flaming

combustion, the increasing thickness of the char layer can reduce the amount of the heat the pyrolysis

front receives like a thermal insulator, and extinction occurs when heating is too small to maintain the

minimum mass flux (1}, ) [15,16]. Fig. 4.5 illustrates the evolution of mass flux of Wood C (570 kg/m?)

under external radiations of (a) 30 and (b) 60 kW/m?, where CO/COs ratio is also plotted for further

comparison.
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Fig. 4.5. Evolution of mass flux and CO/CO; ratio of Wood C under the external radiation (q,") of (a) 30

kW/m?, and (b) 60 kW/m?; (c) evolution of blue flame above the wood surface.

At the lower irradiation of 30 kW/m? (Fig. 4.5a), the mass flux curve is similar to the typical
evolution in [12]. Once exposed to the irradiation, the mass flux increases dramatically to a peak value,
and then, it decreases gradually due to the build-up of the char layer on the top surface. Continuing the
heating, the pyrolysis front gradually reaches the bottom of the wood sample and approaches to the top
of the insulation board, so that the in-depth heat conduction into the wood is reduced. As a result, the
pyrolysis is accelerated and results in the second peak of the mass loss curve. Afterward, the whole
sample surface is mostly charred, and the mass flux goes through a sharp drop. Eventually, the self-
extinction of the yellow flame occurs when the mass flux decreases to about 4 g/m?s. This value is
consistent with previous studies on the critical mass flux for flaming extinction [9,15,36,37].

On the other hand, under the higher irradiation of 60 kW/m?, as shown in Fig. 4.5(b), extinction of
the yellow flame also occurs when the mass flux decreases to about 4 g/m?*'s. Afterward, a blue flame
closely attached to the sample surface occurs and maintains for more than 20 minutes at a lower mass
flux (1~4 g/m?-s), rather than directly transitioning to smouldering at 4 g/m?-s. In this circumstance, the
self-extinction of the flame should be the extinction of this blue flame, rather than the traditional
buoyancy-controlled yellow flame. Therefore, the existence of this blue flame may extend the extinction
limit of timber materials. As the mass flux decreases, the CO/CO> ratio continuously increases from
0.03 to 0.5. As one can see from Fig. 4.5¢, as time goes by, the blue flame splits into discrete blue

flamelets, reducing the area covered by flame so that more unburned CO may release to the ambient.
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Eventually, the near-limit blue flame extinguishes and transitions to smouldering at the critical
(minimum) mass flux around my, = 1 g/m?:s, re-defining the flame extinction limit of timber
materials. During the smouldering stage, the CO/CO; ratio remains almost constant at about 0.5.

Fig. 4.6 further summarizes the true critical mass flux for the flame extinction (111, ) under real fire
scenarios with different external radiations. The critical mass fluxes for the piloted flaming ignition (8-
14 g/m?-s) are also presented, which is above the extinction limit. When the external radiation is lower
than 40 kW/m?, the yellow flame extinguishes at about 4 g/m?*-s, agreeing with the literatures [9,15].
When the external radiation is above 40 kW/m?, the persistent blue flame can be sustained until m., ~
1 g/m?*s. Moreover, this redefined flame-extinction limit was found to be insensitive to the wood type,
as shown in Table 4.1. This blue flame significantly reduces the minimum mass flux to sustain flaming
wood combustion and extends the flame extinction limit, therefore suggesting that the blue flame
combustion mode as well as the extinction mass flux measured herein should be considered in

evaluating the fire risk of timber materials in the future.
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different combustion phenomena of wood C.

4.3.3 Surface temperature

As the external radiation increases, the sample top-surface temperature (T) will increase as well.

Fig. 4.7(a) shows the time evolution of the top surface temperature under 30 and 60 kW/m? of the same
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tests in Fig. 4.5(a-b). Essentially, the top surface temperature approaches to the quasi-steady state by
balancing the heat loss and, as expected, increases with the external radiation. Fig. 4.7(b) further shows
how the steady surface temperature varies with external radiation and affects the fire phenomena. It can
be seen that the near-limit blue flame may survive only when the surface temperature is sufficiently
high, thatis, T; > Ty =~ 700 °C at ¢, > g5 ~ 40 kW/m?. If the external radiation is lowered during
the blue-flame region (1''= 1-4 g/m?-s), the surface temperature decreases to be lower than 700 °C, and
the blue flame eventually disappears. Once reapplying the irradiation, the blue flame will re-occur. Thus,
a hot enough surface temperature (maintained by a high external irradiation) may be a necessary

condition for the occurrence of this blue flame (see more discussion in Section 2.3.4).
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Fig. 4.7. (a) Time evolution of the top surface temperature under 30 and 60 kW/m?, and (b) steady surface

temperature (Ty) as a function of external radiation (g,") of Wood C.

4.3.4 Phenomenological analysis

Considering the blue flame is never observed in PMMA regardless of the irradiation level, the
decomposition chemistry and charring tendency of wood fuels are expected to play an important role
in this near-limit flame behaviour. To maintain a wood flame, at least two kinds of reactions are needed,
namely, the pyrolysis of solid fuel to release pyrolyzates and the subsequent oxidation reaction of the
pyrolyzates in the gas phase:

External heating

Wood — Char + Pyrolyzates (Wood pyrolysis) (4.1a)
Flame/radiation
Pyrolyzates + O, — CO, + H,O(g) (Strong yellow flame) (4.2)
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Pyrolysis is maintained by the heating from flame and external irradiation, and a robust sooty
yellow flame will persist until the pyrolysis is weakened by the thick char layer which is a good thermal
insulator [16] (Fig. 4.8a). In contrast, for non-charring fuels like PMMA, there will always be a yellow
flame until burnout (see Fig. A4.2). Compared to the low-temperature solid-phase oxidation, gas-phase
flame reactions are much faster. Thus, almost all ambient oxygen will be consumed within the flame
sheet, whereas little oxygen can diffuse into the porous char to sustain robust smouldering combustion.

As the char layer builds up to weaken the effectiveness of the heating, less fuel is produced to
support the flame. Under such a negative feedback, eventually, the yellow flame extinguishes at m,, =
4 g/m*s, which may leave undecomposed wood in-depth and unburned char near the surface.
Afterward, without the blockage of flame, oxygen may diffuse into the cracked and porous char layer
to sustain smouldering combustion.

Char + O,—Ash + CyH,0, + CO +CO, + H,0(g)  (Char oxidation)  (4.3)

This heterogeneous char oxidation is incomplete, which may produce a fuel mixture of
hydrocarbons and CO [38,39], as also shown in the cone-calorimeter measurement (Fig. 4.5a-b).
Moreover, the internal heat release from the char oxidation may further pyrolyze the wood in-depth as

Internal heating
Wood ———————— Char + Pyrolyzates (Wood pyrolysis) (4.1b)
Smouldering

Especially, the lignin component, which has a higher pyrolysis temperature (400-500 °C) than the
cellulose and hemicellulose components [40], may continue to pyrolyze and produce a small amount of
flammable gas fuel before being oxidized to ash.

As the surface temperature increases with the external radiation, eventually, it may become hot
enough (>700 °C) to either pilot the flame or supports an auto-ignition of the fuel/air mixture. As
illustrated in Fig. 4.8(b), it is hypothesized that the near-limit blue flame may be maintained by the
mixture produced from both char-oxidation and in-depth wood-pyrolysis reactions of smouldering

combustion

hot surface
Smouldering emission + O, ——— CO, (Near-limit blue flame) (4.4)

There are two pieces of supporting evidence, (1) the discrete blue flame partially covers the char
may allow the oxygen diffusion inside to maintain the char oxidation that releases heat to sustain in-

depth pyrolysis (mainly lignin), (2) the CO emission, as the sign of smouldering, in the blue-flame
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region in Fig. 4.5(b) (60 kW/m?) is comparable to the pure smouldering region in Fig. 4.5(a) (30 kW/m?),
as part of the CO may be consumed by blue flame (CO/CO ratio during smouldering process generally

increases as external irradiation increases [25]).

(a) Strong yellow flame
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\
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Fig. 4.8. Schematic diagrams of (a) strong yellow flame, (b) weak blue flame, and (c) the flammability

limit for piloted and auto-ignition.

The critical surface temperature of Tg = 700 °C to sustain the blue flame may be the minimum
auto-ignition temperature (AIT) of the mixed hydrocarbons and CO produced from smouldering, as
illustrated in Fig. 4.8(c). Below this temperature, the flammable mixture cannot be ignited without a
pilot source. Above this temperature, the auto-ignition of the fuel-lean mixture not only ensures the
existence of flame but also acts as a piloted source to ignite the nearby lean mixture. Because the release
of smouldering emission is not uniform across the wood sample, the random ignition and flame
propagation on the fuel surface makes the flame flicker around. In other words, this blue flame might
be partially premixed. As the flame reaction takes place near the hot surface, and the fuel mass flux is
small, the role of buoyancy may be too small to create a clear conical shape. Moreover, the colour of a
fuel-lean near-limit flame is pale blue because the low burning rates may result in small flames with
small residence time, preventing agglomeration of soot [41,42].

In short, two necessary conditions are hypothesized for this unique blue flame,

(I) The robust in-depth pyrolysis should be sustained by the internal smouldering

combustion and external heating; and

(1) A hot surface temperature (>700 °C) over the auto-ignition temperature should be
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maintained by the external radiation.

Further decreasing the fuel mass flux to about 1 g/m?*'s, the composition of the fuel-lean mixture
near the hot surface may become lower than the lean flammability limit, giving rise to extinction. On
the other hand, for non-charring fuels like PMMA, the surface temperature cannot reach 700 °C, because
pyrolysis reactions will be completed before exceeding 450 °C, as shown in Figs. A4.1(b) and A4.2(b).

To further explain the combustion mechanism responsible for the near-limit blue flame and verify
the aforementioned two hypotheses, the future research could establish two different numerical models
to decouple this complex problem. First, a solid-phase model is constructed to demonstrate the necessity
of smouldering combustion (or char oxidation) in maintaining the pyrolysis reaction and a long-lasting
fuel mass flux of 1~4 g/m?s after the extinction of strong yellow flame. Then, a gas-phase DNS model
can be constructed to demonstrate the necessity of a hot surface and a critical mass flux to main a near-

limit flame that is rarely affected by buoyancy.
4.4 Conclusions

In this study, a unique wood combustion mode showing a near-limit blue flame was identified as
an intermediate combustion mode between the buoyancy-controlled yellow flame and the smouldering
combustion. The blue flame may appear only if the external radiation exceeds a critical value of about
40 kW/m? and the surface temperature higher than 700°C. This near-limit flame tends to attach to the
hot charring and smouldering surface and may be only affected by buoyancy effect slightly. Below the
critical irradiation, the intense yellow flame directly transitions to smouldering when the mass flux
decreases to about 4.0 g/m?*'s for all wood samples. Above the critical irradiation, on the other hand, the
near-limit blue flame may still survive until the mass flux of 1.0 g/m?-s. Thus, it may redefine the flame
extinction limit of timber materials under external radiation.

This work hypothesizes two necessary conditions for the occurrence of near-limit blue flame, (I)
in-depth pyrolysis sustained by the internal smouldering combustion, and (II) the hot surface maintained
by large external radiation to extend the flammability limit or achieve autoignition. The future work
will focus on emission gas compositions from different combustion stages, as well as numerical
simulations coupling gas-phase and solid-phase processes. This unique blue flame may play an essential
role in the transition between flaming and smouldering and help evaluate the fire risk of timber materials

under real fire scenarios.
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PART B: Quenching Limit of Smouldering: Theory, Numerical

Verification and Application

The classical concepts of quenching and quenching distance of premixed flame have provided solid
foundations for the design of flame arrestors as well as many other the fire protection systems of
industrial equipment and processes. However, no study has systematically addressed the quenching
dynamics of smouldering and quantified the corresponding quenching distance experimentally and
numerically and explored it applications to enrich the fire-fighting strategies, thus, there is a big
knowledge gap.

This part includes three chapters (5-7), with the focus on the quenching limits and quenching
diameter of smouldering combustion. Chapter 5 explores the quenching limits and applicability of
quenching diameter in smouldering through laboratory-scale experiments, where the measured
quenching diameter of smouldering was about 10 cm. Chapter 6 develops a 2-D numerical model based
on open-source code Gpyro and a previously developed 5-step kinetics of peat to verify the quenching
diameter of smouldering combustion and further explore the effects of lateral overall heat transfer
coefficient, oxygen concentration and ambient temperature on the extinction limits. Chapter 7 explores
the applications of quenching distance of smouldering combustion through constructing firebreak for

extinguishing peat fire.
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CHAPTER 5: Quenching Limits of Smouldering: Fire under the Wall Cooling

Summary:

Smouldering fire is the slow, low-temperature, and flameless combustion phenomenon in porous
fuels. Smouldering is different from flaming regarding the chemical and transport processes, despite
sharing many similarities in ignition and fire spread. In this work, we explored the applicability of
quenching and quenching diameter in smouldering. The smouldering of dry organic soil was initiated
in the 25-cm long tubular reactor with different diameters from 4 cm to 15 cm. The thermal boundary
and oxygen supply of the smouldering reactor were varied by using different wall materials and opening
configurations, respectively. The quenching of smouldering was found as the diameter of the reactor
decreased, the same as the quenching of the premixed flame. The minimum smouldering temperature
(~250 °C) and propagation rate (~0.5 cm/h or 0.1 mm/min) were found before quenching. The measured
quenching diameter of smouldering was about 10 cm (much larger than the flame) and comparable to
the thickness of reaction front (similar to the flame). The quenching diameter of smouldering increases
as the wall cooling increases and the oxygen supply decreases. The influence of oxygen supply is unique
to the smouldering quenching phenomenon as it affects the mode of smouldering propagation. This
work helps understand the persistence and extinction limit of smouldering and the prevention and
suppression strategies for smouldering fire.

This chapter is based on “S. Lin, X. Huang (2021) Quenching of Smouldering: Effect of Wall
Cooling on Extinction, Proceedings of the Combustion Institute 38(3): 5015-5022. doi:

10.1016/j.proci.2020.05.017.”
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5.1 Introduction

Quenching, in terms of combustion, refers to the flame extinction by cooling [1,2]. The quenching
distance (or thickness/diameter) is a critical length below which flame can no longer propagate through
[1,3]. Concepts of flame quenching and quenching distance are of practical significance in the design
of flame arrestor [3], as well as, the fire protection system of many industrial equipment and processes.
Fundamentally, the quenching of the premixed flame is attributed to the cooling from the reactor wall
that decreases the flame temperature below the threshold of chain reaction [1]. The quenching
behaviours and quenching distance of flame have been extensively studied, and key influence factors
include the fuel type and concentration [4], thermal boundary [5,6], and flow conditions (laminar or
turbulent) [7]. For a laminar premixed flame, quenching occurs on the scale of millimetre that is
comparable to the flame thickness [1,2]. However, to the best of authors’ knowledge, no study has
systematically addressed the quenching dynamics of smouldering and quantified the corresponding
quenching distance, thus, there is a big knowledge gap.

Smouldering is the slow, low-temperature, and flameless burning of porous fuels, and is the most
persistent type of combustion [8,9]. Smouldering can be easily initiated by a weak heat source or even
self-ignited, such as those in silos and storage units [10]. Once ignited, it is extremely difficult to
extinguish [8,11], such as the smouldering firebrands [12] and peat soils [13,14] in wildland fire. In
general, there are many similarities between flaming and smouldering fire behaviours [8,14,15]. For
solid fuels, pyrolysis is a necessary step for both smouldering and flaming ignition, and transition often
occurs between flaming and smouldering [16—18]. For charring materials, fire-spread modes of both
flaming and smouldering can be maintained, and both fire-spread rates vary with the fuel type, oxygen
supply (or wind), and heat losses [8,14]. Therefore, it is reasonable to expect the quenching and
quenching distance (or diameter) of smouldering like those of flame.

On the other hand, smouldering is also very different from the flaming in terms of combustion
chemistry, transport processes, and time scales [8]. Fundamentally, the flame is dominated by the
homogeneous oxidation of gaseous fuel, while smouldering is sustained by the heterogeneous oxidation
on the surface of solid fuel [8,17]. The characteristic temperature (~500 °C), propagation rate (~1 cm/h),
and heat of combustion (~10 MJ/kg) of smouldering are lower than those of flame [8,14,15,17-21]. The
extinction of smouldering occurs with the increasing fuel moisture content [22], the decreasing pressure

[23], and oxygen concentration [24,25] or by using suppression agents [11,26]. Rein [8,9] predicted the
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critical sample size of 15 cm for sustaining smouldering in the rectangular polyurethane foam, but it
has not been verified by the experiment.

The purpose of this experimental study is to explore whether the classical concept of flame
quenching and quenching diameter can be extended to smouldering. Considering the heat loss and
oxygen supply are two key parameters that control the burning and propagation of smouldering [8],
different conditions of wall cooling and oxygen supply were applied to the reactor to determine the
quenching limit of smouldering. The quenching diameter was compared with the thickness of the
smouldering front, and the minimum values of the smouldering temperature and propagation rate before
quenching were quantified.

5.2 Experiment
5.2.1 Setup and controlling parameters

The dry organic peat soil, as a representative fuel that is prone to smoulder, was chosen in the
experiment (Fig. 5.1a). This type of moss peat soil has an organic content of above 95%, and was studied
previously in [14,17,22]. The element analysis of peat sample shows 44.2, 6.1, 49.1, 0.5, 0.1% mass
fractions for C, H, O, N and S, respectively. Before the test, the peat soil was first oven-dried at 90 °C
for 48 h [14], and its bulk density and porosity were measured to be 150 £ 10 kg/m*® and 0.90,
respectively [17]. The shape of the peat soil particle was coarse, and its size was about 1 mm, leaving a

large pore space between particles [21].
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Fig. 5.1. (a) Photos of peat soil and tubular smouldering reactors with different diameters, (b) schematic
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The peat soil was filled into a group of 25-cm long tubular smouldering reactors with different

diameters (D) from 4 cm to 15 cm, as shown in Fig. 5.1. Such tubular reactors were also widely used
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in other smouldering experiments [27,28]. Three reactor walls with different thermal resistances (R)

were selected to vary the cooling condition:

(A) Weak cooling: 10-mm ceramic insulation layer (0.1 W/m-K) with R, (thermal resistance) = 0.1
m?-K/W;

(B) Medium cooling: 4-mm quartz glass (1.0 W/m-K) covering by 10-mm cotton insulation layer

(0.15 W/m-K) with Rz = 0.06 m*-K/W, and
(C) Strong cooling: 4-mm quartz glass (1.0 W/m-K) with Rc = 0.004 m?-K/W.

The smouldering reactor was vertically placed with the top surface open. To vary the oxygen supply
to the reactor, the bottom surface was kept open with metal mesh to hold the fuel (i.e., a good oxygen
supply) or sealed by the insulation board (0.05 W/m-K) (i.e., a poor oxygen supply), as illustrated in

Fig. 5.1(b). The ambient temperature is 23 + 2 °C, and the relative humidity is about 50 & 10 %.
5.2.2 Ignition method and test procedures

A coil heater was placed 1 cm below the fuel top free surface. The ignition protocol was fixed at
100 W for 0.5 h, the same as previous work [21,22], which was strong enough to initiate smouldering.
Unlike the visible flame propagation, it was difficult to judge the success of smouldering propagation
by visual observation [14,17]. Therefore, an array of 13 K-type thermocouples with the 100-um bead
was inserted into the sample along the axis. These thermocouples were placed from 1 ¢cm to 25 cm
below the top free surface with the 2-cm interval to monitor the temperature and the location of the
smouldering front [21]. Temperatures of inner and outer wall surfaces were also measured by two
thermocouples (~13 cm below the free surface), as shown in Fig. 5.1(b).

Quenching test was started with the largest reactor (D =15 cm). If smouldering successfully
propagated to the bottom, the reactor diameter was then decreased gradually until the smouldering front
could no longer propagate, i.e., the smouldering quenching, so that the quenching diameter (D*) could
be determined. Afterward, conditions of wall cooling and oxygen supply were changed to explore the
variation of quenching diameter. For each scenario, tests were repeated at least twice, and good
experimental repeatability was found.

5.3 Results and discussion
5.3.1 Smouldering quenching phenomena
Figure 5.2(a) shows the thermocouple measurements of a successful smouldering propagation in

the 15-cm wide reactor with the bottom sealed under the weak cooling. Once ignited, the smouldering
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front gradually propagated downward, and the temperature decreased from 500 °C to 350 °C with
increasing depth. After 48 h, most of the peat soils burnt into ash with the mass loss above 90% of the
original mass. Figure 5.2(b) shows an example of smouldering quenching (or failed propagation)
through a 6-cm wide reactor. During ignition, the sample temperature could reach about 500 °C, but
after ignition, it gradually decreased to ambient temperature within 5 h. For all quenched cases, the

mass loss of peat soil was below 20% of the original mass.

(a) Propagation (D = 15 cm, bottom sealed) (b) Quenching (D = 6 cm, bottom sealed)
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Fig. 5.2. Thermocouples data of (a) successful smouldering propagation in the 15-cm wide reactor, and (b)
smouldering quenching in the 6-cm wide reactor with the bottom sealed under a weak wall cooling (1 kW/m?).

The negative sign means that the thermocouple is below the reactor’s top free surface.

To better compare different cooling conditions of the reactor wall, the approximate and simplified
one-dimensional cooling flux through the wall (g,,) in the slow and quasi-steady-state smouldering

propagation may be expressed as:

T, —T Tom — Twi
== = Mo = Tw) +e0(Tio = T) = ke = 75 (GRY

Gw
where T, is the characteristic temperature of smouldering, T,,; and T, are the inner and outer
wall temperatures, T, isthe ambienttemperature, h is convective coefficient, ¢ is the emissivity, o
is the Stefan-Boltzmann constant, and kg is the thermal conductivity of fuel. The thermal resistance
of the reactor wall is R, = Y. §;/k;, where §; and k; are the thickness and thermal conductivity of
i wall layer, respectively. Based on temperature measurements in the experiment, the cooling fluxes
for three walls were found to be ¢, = 1.0 £ 0.1 kW/m? (weak cooling), ¢y = 1.6 = 0.3 kW/m?

(medium cooling), and ¢, = 2.4 + 0.6 kW/m? (strong cooling).

5.3.2 Quenching diameter of smouldering
The experimental outcomes of smouldering propagation (®) and quenching (X) are summarized in
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Fig. 5.3. The quenching of smouldering occurs as the diameter of reactor decreases, and the quenching
diameter increases as the cooling flux increases. Therefore, both smouldering quenching behaviours are
essentially the same as the quenching of the premixed flame [4—6]. Specifically, if the oxygen supply is
good by opening the bottom of reactor (Fig. 5.3a), as the wall cooling flux increases from 1 kW/m? to
2.4 kW/m?, the quenching diameter increases from 5+ 1 ¢cm to 11 + 1 cm. Note that the smouldering
quenching diameter has a length scale of several centimetres, which is 1~2 orders of magnitude larger

than the flaming quenching distance (~1 mm) [1-5].
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Fig. 5.3. Experimental outcomes of (a) bottom open with a good oxygen supply, and (b) bottom sealed with a

poor oxygen supply, where smouldering propagation uses ® and quenching uses X.

To further explain the influence of wall cooling on the smouldering quenching diameter (D*), a
simplified energy conservation equation is applied to a propagating smouldering front with the thickness
of &, as illustrated in Fig. 5.4(a). At the quenching diameter (D*), the heat loss from the cold wall (Q,,)

is equal to the heat generation from the smouldering zone (Qs,,, = Q,,) due to oxidation as

Qw = Qsm = Qox (5-2)
" A 4 * -1 & *
G (mD*8) = mY (ZD 2) AHg = T, (ZD ?) AHo, (5.3)

44,6 44,6
m;TIAHF moxAHox

(5.4)

where my isthe smouldering burning flux of fuel, AHy is the heat of smouldering combustion of fuel
which is sensitive to the burning conditions, m,), is the mass flux of oxygen (i.e., the rate of oxygen
supply), and AH,, is the heat of oxidation. A similar expression was previously derived for the

rectangular fuel sample in [9]. Eq. (5.4) reveals that the smouldering quenching diameter is proportional
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to the wall cooling flux, which explains the trend of experimental data in Fig. 5.3.

If the oxygen supply is reduced by sealing the bottom of the reactor (Fig. 5.3b), the quenching
diameter also increases with the wall cooling flux, following the same trend of the bottom-open case in
Fig. 5.3(a). On the other hand, under the same cooling flux, quenching becomes easier, and the
quenching diameter increases, because of the reduced oxygen supply from the bottom. Specifically, at
the cooling flux of 1 kW/m?, the quenching diameter (D*) increases from 5 + 1 cm with the bottom
open to 9 £ 1 cm with the bottom sealed. Such a trend can also be explained by Eq. (5.4), where the

quenching diameter is inversely proportional to the rate of oxygen supply (171,y).
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Fig. 5.4. (a) Schematics for smouldering quenching, and (b) thickness of smouldering front (§) vs. reactor

diameter (D), where the shadowed point indicates the quenching diameter (D*) and minimum thickness (5%*).

5.3.3 Smouldering front thickness

By defining a minimum smouldering temperature of 250 °C, the average thickness of smouldering
front (8) in successfully propagated cases can be estimated based on the thermocouple data (e.g. Fig.
5.2a). Figure 5.4(b) summarizes the thickness of the smouldering front, which increases with the reactor
diameter as well as the oxygen supply. For example, with the bottom open and the weak cooling flux
of 1 kW/m?, the thickness of the smouldering front increases from 7 cm to 16 cm, as the reactor diameter

increases from 6 cm to 15 cm.
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Table 5.1. Measured quenching diameter (D*) and minimum smouldering front thickness (§™).

Wall
Weak Medium Strong
cooling
Oxygen
Open Sealed Open Sealed Open Sealed
supply
G 1.0+0.1 1.6 +0.3 24+0.6
D* (cm) 5+1 9+1 9+1 13.5+1.5 11£1 >15
6" (cm) 6+1 4+1 7+1 61 7+1 -
D*/6* 0.8+0.1 23+0.6 1.3+0.1 23+0.5 1.6+0.3 -

Moreover, the minimum thickness of the smouldering front (§*) can be estimated by a linear
extrapolation towards the quenching diameter, as indicated by the shadowed points in Fig. 5.4(b). As
summarized in Table 5.1, the value of §* ranges from 4 to 7 cm, which is insensitive to the wall cooling,
but slightly decreases with the decreasing oxygen supply. The comparison further shows that the
minimum smouldering front thickness and the quenching distance are comparable (i.e., D*~&"). Such
behaviour is similar to the premixed flame whose quenching distance (or diameter) is comparable to
flame thickness [1-5].

To further explain the relationship between the smouldering thickness and quenching diameter, the
analogy could be made between the burning of premixed flame and smouldering propagation [9,14].

Considering a 1-step global smouldering reaction
Fuel + v0, = (1 + v) Products (5.5)

Then, the smouldering burning flux of fuel can be described as
Moy /V = Mg = PpSsm (5.6)
where v =1 ~ 2 is the oxygen stoichiometric coefficient [17,29], pr is the fuel density, S, is the
smouldering burning speed, and the burnout of fuel is assumed after smouldering propagation. By
balancing the advection and diffusion terms in the energy equation like the laminar premixed flame [2],
the smouldering burning speed (S,;;,) could be approximated as
2ap

Ssm = T (5.7)

where ap = kp/(ppcp) is the thermal diffusivity. The heat of smouldering can be estimated as

AHp = (1 4+ v)cy(Tsm — T,) (5.8)
where T, is the initial temperature and ¢, is the specific heat. By substituting Egs. (5.1,6-8) into Eq.

(5.4), the quenching diameter becomes
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which explains why the smouldering quenching diameter is comparable to the thickness of the
smouldering front in Fig. 5.4(b). As the wall cooling increases, the wall temperature (T},;) decreases so
that the ratio of D*/8™ increases. By sealing the reactor bottom, the smouldering temperature (Ts,,)
increases due to the change of smouldering-propagation mode (see more discussions in Section 4.3.5),
so that the ratio of D*/&* also increases. Both trends of D*/§™ are consistent with experimental

measurements in Table. 5.1
5.3.4 Smouldering temperature and propagation rate

Figure 5.5 shows the effect of reactor diameter, wall cooling, and oxygen supply on the (peak)
smouldering temperature (T,,) and the (downward) propagation rate (Ss,;;,). For this dry peat soil, the
smouldering temperature is no more than 500 °C, which is similar to the literature data [14,22], and as
expected, it is much lower than the minimum temperature of flame (~1300 K) [2]. The propagation of
smouldering is in a creeping manner (about 1 ~ 6 cm/h), which is at least two orders of magnitude
slower than the flame-spread rate over solid fuel [3] or the burning velocity of premixed flame [2]. As
the wall cooling increases, both the smouldering temperature and propagation rate decrease. For
increasing the oxygen supply by opening the bottom, the smouldering propagation rate, as expected,
increases significantly, but the smouldering temperature decreases, because of the change in mode of
smouldering propagation (discussed in Section 4.3.5).

Moreover, as the reactor diameter decreases, both the smouldering temperature and propagation
rate continuously decrease. Eventually, at the quenching limit, the minimum temperature to maintain
smouldering is found to be about 250 °C, which is close to the threshold temperature for char oxidation
found in the thermogravimetric analysis of this fuel [17]. Also, the minimum smouldering propagation

rate before quenching is found to be about 0.5 cm/h or 0.1 mm/min.
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Fig. 5.5. (a) Mean smouldering temperature (Tg,,), and (b) downward smouldering propagation rate (S,,) as a

function of reactor diameter (D), wall cooling flux, and oxygen supply.

5.3.5 Influence of oxygen supply

Figure 5.6 compares the temperature profile of successful smouldering propagation with (a) bottom
sealed and (b) bottom open, where the reactor diameter is 12 cm and the weak cooling flux of 1 kW/m?
is applied. For the bottom-sealed reactor in Figs. 5.2(a) and 5.6(a), after ignition, the smouldering front
gradually propagates downward to the bottom and the top free surface regresses [21], as illustrated in
Fig. 5.7(a). As the oxygen diffuses from the top free surface, it is forward smouldering propagation
where the reaction front moves due to the burnout of fuel [14,21], similar to the motion of candle flame
or the burning of premixed flame. After burnout, a sandwich residue structure is observed (Stage Il in
Fig. 5.7a) where the top and bottom thin layers of char is not burnt due to the heat loss to the
environment [21].

With the reactor bottom open, there is an extra oxygen supply from the bottom, which could be
dominant, due to the chimney effect, and much larger than the oxygen diffusion from the top [18]. In
Fig. 5.6(b), the smouldering propagation has two stages, (1) 1%-stage downward propagation and (b)
2m_stage bidirectional propagation, as illustrated Fig. 5.7(b). Compared with bottom-sealed case in Fig.
5.6(a), the 1* downward propagation is faster, while the temperature is lower (see more comparisons in
Fig. 5.5). Under the upward airflow, such a downward (opposed) propagation is fundamentally a
continuous ignition process, that is, the newly ignited smouldering front moving towards the airflow
[14]. Thus, it is different from the downward (forward) propagation in Figs. 5.6(a) and 5.7(a). Note that

as small amount of oxygen still diffuses from the top surface, a slow burning process remains below the
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ash layer (see Stage II).

(a) Bottom sealed (D = 12 cm) (b) Bottom open (D =12 cm)

Bidirectional propagation

. ~ Do
600 Downward propagation | Ty +

Temperature (C)
Temperature ('C)
N w e o @D
[=] o =] i=1

=3
S

50 0 5 10 15 20
Time (h) Time (h)

Fig. 5.6. Thermocouple data of smouldering propagation in the 12-cm wide reactor under the cooling flux of 1
kW/m?, (a) bottom sealed with the downward propagation, and (b) bottom open with the downward-to-
bidirectional propagation. The negative sign means thermocouple is below the reactor’s top free surface.
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Fig. 5.7. Schematic diagrams of (a) single-stage downward (forward) smouldering propagation, and (b) 2-

stage smouldering from downward (opposed) propagation to bidirectional propagation.

After the smouldering front reaches the bottom (about 6 h in Fig. 5.6b), both smouldering fronts
on the top and bottom start to propagate towards the centre, that is, a bidirectional forward propagation
or burning (see Stage III and IV in Fig. 5.7b). Because of large oxygen supply and good insulation by
ash layers, the 2"%-stage bidirectional has a higher temperature of about 600 °C, and the overall burnout
time is about 20 h, much shorter than 45 h in the single-stage downward smouldering propagation in
Fig. 5.6(a). Note that in experiment, as long as the 1-step propagation was successful, the second

bidirectional propagation would not be quenched.
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5.4 Conclusions

In this work, quenching of smouldering was observed as the reactor diameter decreased, which is
the same as the quenching of flame. The smouldering quenching diameter was quantified for the first
time, which is on the order of centimetre and much larger than the flame. Like the flame, the
smouldering quenching diameter is also comparable to the thickness of the reaction front, and it
increases as the wall cooling increases and the oxygen supply decreases, which are explained
analytically. The minimum smouldering temperature (~250°C) and propagation rate (~0.5 cm/h or 0.1
mm/min) was found at the quenching limit.

The oxygen supply plays a unique role in smouldering propagation and quenching. By opening
both ends of the reactor, the single-stage downward (forward) propagation transitions to the 2-stage
downward-to-bidirectional propagation. Future experiments will be conducted to determine the
smouldering quenching distance for different fuels and under controlled oxygen flux, and numerical
simulations are needed to reveal the underlying physical process and heterogeneous chemistry behind

the minimum smouldering temperature and propagation rate.
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CHAPTER 6: Numerical Verification of Smouldering Quenching and Near-Limit

Propagation

Summary:

Smouldering is slow, low-temperature, and flameless burning of porous fuel and one of the most
persistent types of combustion phenomena. The influence of heat loss on propagation and quenching
behaviours of smouldering combustion is of practical significance but still poorly understood. In this
chapter, based on the open-source code Gpyro, a physics-based 2-D computational model that integrates
the mechanisms of heat transfer, mass transfer, and chemistry is built to investigate the effect of lateral
heat loss on the propagation, quenching and quenching diameter of smouldering combustion in 25-cm
high peat samples. According to the simulation results, quenching occurs as the sample diameter
decreases, and the quenching diameter increases from 51 cm to 21£1 cm as the overall lateral heat
transfer coefficient increases from 0.25 W/m*K to 2.0 W/m?-K, agreeing well with the experimental
observation. Further analysis demonstrates that the smouldering temperature and propagation rate
increase as the diameter of the peat column increases or lateral heat loss coefficient decreases, but when
the sample diameter is sufficiently large, their sensitivities to the dimension of the smouldering system
and insulation properties diminish significantly. Finally, the influences of the ambient temperature and
mass fraction of oxygen on the quenching diameter are explored. This is the first time to use a
comprehensive physics-based model to predict the quenching behaviour of smouldering combustion at
different ambient conditions, which provides a better understanding of the persistence and extinction
limit of smouldering combustion.

This chapter is based on “S. Lin, H. Yuan and X. Huang (2021) 4 Computational Study on the
Quenching and Near-Limit Propagation of Smouldering Combustion. Combustion and Flame (under

review).”
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6.1 Introduction

Smouldering is slow, low-temperature and flameless burning of porous fuel and one of the most
persistent types of combustion phenomena [1-3]. As a heterogeneous process, smouldering is sustained
by the heat evolved when oxygen molecules directly attack the hot surface of condensed-phase reactive
porous media [1-4]. In general, smouldering could be initiated by a weaker heat source or even self-
heating [5-7], providing a shortcut to flaming combustion through the smouldering-to-flaming
transition that follows a sudden increase in spread rate, heat release and hazard [8—11]. Smouldering
combustion is the primary cause and driving phenomenon of residential fires (e.g., upholstered furniture
and mattresses fires) [12,13], industrial fires (e.g., fires in silos and storage units) [14], and natural fires
(e.g., subsurface fire in peatlands or abandoned coal mines) [15—18], posing severe threats to humans
and environment. On the other hand, some beneficial applications of smouldering combustion have
been developed over the past few decades, such as the manufacture of carbon-negative biochar for
energy production [19], smouldering-controlled prescribed burning for wildfire management [20], and
waste removal technology for waste management [21,22]. Thus, a better understanding of smouldering
combustion is vital to mitigate the smouldering fire hazard and optimize the applications of smouldering
system.

Heat loss is one of the critical mechanisms that control smouldering combustion [1,2,23], and
therefore has substantial implications toward understanding its propagation limits and quenching
behaviours [24,25]. For flaming combustion, the quenching distance (or thickness/diameter) is defined
as a critical length, below which flame can no longer propagate through because of the flame-wall
interaction that decreases the flame temperature below the threshold of chain reactions (Fig. 6.1a) [26—
29]. It is of practical significance in the design of flame arrestor as well as other fire protection systems
[30,31]. Analogous to the quenching behaviour of premixed flame, heat loss is also an essential factor
during smouldering propagation, which may weaken the chemical reactions [32] and hence lead to the
occurrence of quenching (Fig. 6.1b) [24,33]. Quenching behaviour and quenching diameter of
smouldering combustion were first theoretically studied by Rein [2,34] and then experimentally verified
in our previous study [24]. The experimental measurement demonstrated that the quenching diameter
of smouldering was about 10 cm (at least two orders of magnitude larger than that of flame), which was
comparable to the smouldering front thickness (similar to the flame) [24]. In addition, this diameter was

also found to increase as the lateral wall cooling flux or the overall heat transfer coefficient increases
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[24]. Moreover, as the reactor diameter decreases, both the smouldering temperature and the minimum
smouldering propagation rate decrease and eventually approach threshold values at the quenching limit
[24]. Afterwards, we further explored the application of quenching through constructing firebreak to
control smouldering peat fire, that is, ensuring the peat layer is thinner than the quenching thickness
(Fig. 6.1¢) [33].

The numerical studies on quenching and quenching distance of premixed flame have been
conducted for decades, establishing many insightful understandings [27,28,35]. However, to the best of
the authors’ knowledge, no computational study has been conducted yet to study the quenching
behaviour of smouldering combustion. Therefore, a comprehensive computational model is required to

better understand the underlying mechanisms behind this phenomenon.

Reduce diameter

Fig. 6.1. (a) Effect of surface-flame interaction on flame quenching, where the separation between two parallel
plates was decreased from 5.49 mm (top) to 5.05 mm (bottom) [29], and (b) schematic diagram of smouldering
quenching in tubular reactor owing to the lateral heat loss [24], and (c) applying quenching theory to control
smouldering peat fire using a trench-shaped firebreak where the peat layer is thinner than quenching thickness

(Credit: David Gaveau) [33].

The computational study on smouldering was initiated by Ohlemiller [1], who established the
governing equations to simulate this persistent combustion phenomenon. Afterwards, a number of
numerical simulations were performed to investigate the smouldering combustion of different porous
media, including peat [15,36—45], cellulose [1,46], coal [47,48], polyurethane foam [49] and char [50]
with chemical schemes of different complexities using the 1-D model. Based on these works, Yang et

al. [44] developed a 2-D axis-symmetric model for the natural downward spread of peat fire and
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reported the importance of lateral heat loss. However, previous studies mainly focused on the ignition
and propagation of smouldering, whereas the quenching behaviour of smouldering combustion has not
received sufficient attention.

To fill this knowledge gap, in this work, we develop a comprehensive 2-D model based on open-
source code Gpyro [51,52] and a previously developed 5-step kinetics of peat [15,38,40,42] to
investigate the quenching and quenching diameter of smouldering combustion in 25-cm high peat
columns that were experimentally studied previously [24]. The lateral heat loss is considered by setting
an overall heat transfer coefficient (U) related to the total thermal resistance [53]. The computational
results are compared with and verified by the experimental observation [24]. Finally, the influences of
ambient temperature and mass fraction of oxygen on the quenching diameter of smouldering

combustion are explored.
6.2 Computational model

In-depth smouldering spread in the vertical direction can be well studied using column peat samples
as done before in the experiments of Benscoter et al. [40] and Huang et al. [38,42]. Once the top layer
is ignited, the peat sample is first dried, then pyrolyzes to char, and eventually oxidizes to ash, forming
a smouldering front. After ignition, this smouldering front either becomes self-sustaining and starts to
propagate downwards or stops at the ignition zone depending on the fuel characteristics and ambient
conditions [24,33,36,40].

In previous, for the first time, we have conducted experimental studies on the quenching diameter
of smouldering combustion [24]. As the simulation of these experiments is the starting point of the
present paper, a brief introduction on the experimental details is given here. The dry organic peat soil,
a representative fuel that is prone to smoulder, was chosen in the experiment. Before the test, the peat
soil was first oven-dried at 90 °C for 48 h [38], and its bulk density and air-dried moisture content were
150 + 10 kg/m?® and 5%, respectively [5]. The peat soil was filled into tubular smouldering reactors with
different diameters (D) from 4 cm to 15 cm. Three reactor walls were selected to vary the lateral cooling
condition, and their overall heat transfer coefficients were approximated as 0.58, 0.77 and 1.25 W/m?-
K, respectively, which were calculated by Eq. (6.1), where R;,; and A are total thermal resistance per
unit area and wall area, §; and k; are the thickness and thermal conductivity of i" wall layer,

respectively [24,53]. A coil heater was placed 1 cm below the fuel top free surface. The ignition protocol
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was fixed at 100 W for 0.5 h, the same as previous work [42,54], which was strong enough to initiate a
robust smouldering front. The quenching test was started with the largest reactor (D =15 cm). If
smouldering successfully propagated to the bottom, the reactor diameter was then decreased gradually
until the smouldering front could no longer propagate, which was regarded as the smouldering
quenching. The critical peat diameter where quenching was observed is defined as the quenching
diameter (D*) [24] .

1 1

U = =
RiotA ]
o Zkl_l_

- 6.1)
R

As the peat sample is in the shape of the cylinder, the quenching behaviour of smouldering
combustion via wall cooling can be considered as a 2-D process (see Fig. 6.2). Therefore, a 2D model
is built here using Gpyro. Gpyro is a generalized open-source code for combustible solids and has been
used to simulate the pyrolysis and smouldering of various porous media such as peat [15,36,38,42],
wood [55-57], PU foam [58] and coal [7,47]. It is therefore used here as well. With a gas-phase
convective-diffusive solver that simulates the diffusion of gas species from the ambient into the
decomposing porous materials, Gpyro is capable of calculating the transient composition of gaseous
species (both reactant and products) at different locations [7,58]. By coupling the solver with separate
transient conservation equations of gaseous and condensed phase mass, species and energy, the

temperature and species distributions inside the reacting porous media can be well simulated [43,51,52].

Air flow

i
| Unburnt
: fuel

D g

Fig. 6.2. Schematic diagram of the 2-D computational domain for the in-depth propagation of smouldering in a
25-cm deep peat column.

The computational domain is a 25-cm top-open peat column, as shown in Fig. 6.2. Similar to our
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previous experimental study [24], the simulation of smouldering propagation or quenching starts with
a large peat-column diameter. If smouldering successfully propagates to the bottom without an apparent
decrease in temperature, propagation rate and heat release rate, then the diameter of the sample is
decreased gradually until a quenching case is found. Due to the geometrical symmetry, the
computational domain can be half of the real sample [43] to save computational cost and time, as shown
in Fig. 6.2.
6.2.1 2-D governing equations

The model solves the 2-D transient conservation equations for condensed and gaseous phases in
the absence of gravity, and thermal equilibrium is assumed between gas and condensed-phase species.
The governing conservation equations are provided here, including the conservation of mass (Eq. 6.2),
species (Eq. 6.3) and energy (Eq. 6.4) in the condensed phase as well as the mass (Eq. 6.5), species (Eq.
6.6) and momentum (Darcy’s law) (Eq. 6.7) in the gas phase. The subscripts i, j and & represent the
number of condensed-phase species, gas-phase species, and reaction, d and frefer to the destruction and
formation of species, and z and x refer to vertical and horizontal directions, respectively. The details of

the mathematical formation of these equations can be found in [52];

B .
apy) .. ..
atl = (Ufi - wdi (63)
oAph) _ ). 20 (aT) ka(aT)+ o (—AH)) 6.4
ot ox \ox) " “oz\az) T CalTA (64)
0, —\ . omy oy .
at(pg‘/’) ox "oz e (6:5)
BY 0 (— 6Y
5% (Pg¢Y)+ ~ (Y, )+ — (1)) = =5 WpgDerr 5= | = o\ WpgDerr 5 | + oy — (6.6)
e Kap .. KkOp _PM
Mz = vz Mx = T vox <p9 " RT > (67)

For the symmetrical plane (x = 0), adiabatic and impermeable boundary conditions are applied, as
shown in Eq. (6.8) and Eq. (6.9). At the wall boundary (x = D/2), no mass transfer is considered (Eq.
6.10). To include the lateral heat loss, an overall heat transfer coefficient (U) is applied to represent the

cooling effect from the lateral wall (Eq. 6.11), which can be calculated using Eq. (6.1).
aT

K3l = O (6.8)
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At the top free surface (z = 0), both convective (h¢ ;-9 = 10 W/m? - K) and radiative heat loss
are considered (Eq. 6.12). Within the first 30 min, irradiation of 30 kW/m?(g,) is applied at z = 0 to
simulate the ignition by the coil heater [36,42]. The mass transfer of gas species on the top free surface
is calculated through Eq. (6.13). Based on the heat-mass transfer analogy, the mass transfer coefficient
can be approximated as Ay, ;- = h¢z=0/Cy = 9.09 g/ m? - s, where Cy is the specific heat capacity
of gas species and is assumed to be constant at 1,100 J/kg - K in the simulation [58]. At the bottom
boundary (z = 25 cm), the mass flux is set to zero (Eq. 6.14), and heat loss through the insulating board
attached to the ground in the experiment is simulated by setting a convective coefficient of h,,-y =
0.1 W/m? - K (Eq. 6.15). The ambient pressure and temperature are assumed to be 1 atm and 300 K.
The whole computational domain has the same initial gas composition as the ambient air (Yy, = 0.232
and Yy, = 0.768). The solution starts to converge at Az = Ax = 0.1 mm and At = 0.01s. Further
reducing the cell size and time step by a factor of 2 gives no significantly different results, so the
calculations are sufficiently resolved.

6.2.2 Chemical Kinetics

Heterogeneous reaction & of condensed species 4 is represented in mass basis as

N N
A + zvj’k gas j = Vg By + Z Vj'k gas j (6.16)
j:l ]=1

where v =1+ (pg/pa — 1) xx is the stoichiometric coefficient, and y; quantifies the shrinkage or
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intumescent of the cell size. The destruction rate of condensed species 4 in reaction & is expressed using

Arrhenius law as

ng

(pYa,42) E 5Y, Az
- > k Pl o,k
@™, =—Akexp<——) A )y (6.17)
k Az RT (pyAkAz)2 2
t
(Y7 = (PVdDlemo + | i@z (6.18)
0

- m

The formation rate of condensed species B and all gases from reaction k are VB,ka')g'Ak and wrg, =
(1 —vpi)@qy, [52] The corresponding heat of reaction is Qy = —Wga, AH [52].

The 5-step kinetic scheme developed in [15] is used here as it has been shown to be valid to simulate
downward smouldering in previous studies [42]. This 5-step scheme includes one drying step, one

pyrolysis step and three oxidation steps of peat, S-char and a-char, as shown in Eq. (6.19-23).

Peat-v,, 4,H,0 — Peat +v,, 4,H,0(g) (dr) (6.19)
Peat - vq p,, @-Char + v, ., Gas (pp) (6.20)

Peat + vg, 1,002 = Vg poB-Chartyy p,Gas (po) (6.21)
B-Char +vg, 5,0, = Vg goAsh + vy g,Gas (Bo) (6.22)
a-Char + vg, 4002 = Vg qoAsh + vy 4,Gas (a0) (6.23)

where v, 4 = MC and subscripts w, p, a, B, and a represent water, peat, a-char, f-char and ash
respectively. Four gaseous species, including oxygen (0, ), nitrogen (N, ), vapour (H,0) and
combustion products are considered. For simplification, all gaseous species are assumed to have unit
Schmidt number, same diffusivity and specific heat [52]. However, for the gas diffusing into porous
media, the gas diffusivity has to be treated differently from that in the open air because of the tortuous
channels of fluid inside the porous media [48]. Tortuosity (7) is commonly used to describe diffusion
inside porous media [59], and is expressed as the ratio of actual average length (Liortuous) Of the
channel to the straight-line distance (Lgtraignt) of porous materials as T = Liortuous/ Lstraight-» The

effective mass diffusivity (Degr) of gas species can be calculated using Eq. (6.24) [43,59].

1 2
Desr = (;) Dfree (6.24)

where Dgeee 1s the mass diffusivity of gas species in the open air. The details of the gas diffusion
model can be found in [48].
6.2.3 Parameter selection

Physical properties of all condensed-phase species are obtained from [36] and listed in Table 6.1,
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where the subscript s and o and represents the solid physical properties (i.e., ¥ = 0) and bulk
physical properties, respectively. For porous media, the effective thermal conductivity includes the
radiation heat transfer across pores [52] as shown below

ki = ke;(1 =) +v;0T? (6.25)
where y = ~10"* — 1073 m is dependent on the pore size (dp) as y~d, = 1/Sp with a soil particle
surface area of S~0.05 m?/g [60]. The permeability (K ~d,”) is on the scale of 10712 — 10~ m?[36].
The averaged properties of condensed-phase species in each cell are calculated by weighting

appropriate mass or volume fractions as [36,58]

_ Y:
ﬁ=zxipi.k=inki,c‘=zyici,xi=ﬁp—f (6.26)
L

The kinetic and stoichiometric parameters of the 5-step reactions for the peat sample are also

obtained from [36] and listed in Table 6.2.

Table 6.1. The physical parameters of condensed-phase species.

Species (i) Ps,i Po,i ¥ ks,i Cp,i
(kg/m?) (kg/m?) ) (W/m-K) (J/kg-K)
Water 1000 1000 - 0.6 4186
Peat 1500 1100 0.927 1.0 1840
a-Char 1300 135 0.896 0.26 1260
[-Char 1300 135 0.896 0.26 1260
Ash 2500 19.5 0.992 0.8 880

Table 6.2. Reaction parameters and gaseous yields of 5-step reaction for peat sample [36].

Parameter dr pp po po ao

g4, (g (s1)) 8.12 5.92 6.51 1.65 7.04
Ey (kJ/mol) 67.8 933 89.8 54.4 112
ng (-) 2.37 1.01 1.03 0.54 1.85
vpk (kg/kg) 0 0.75 0.65 0.03 0.02
AH, (MJ/kg) 2.26 0.5 -3.54 -19.5 -19.5
Vo, k (kg/kg) 0 0 0.27 1.48 1.49
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6.3 Computational results
6.3.1 Base cases

A successful smouldering propagation and complete combustion of the peat sample is defined as:
the smouldering front gradually propagates downwards and reaches the bottom without clear
deceleration of propagation rate and temperature decrease [24]. In the present study, two base cases are
first presented to demonstrate the propagation and quenching behaviour of smouldering combustion.
The peat sample has a uniform dry bulk density of 150 kg/m® and an air-dried moisture content of 5%,
the same as the peat used in our previous experiments [24]. A lateral heat transfer coefficient of U =
0.58 W/m2K was set to represent the lateral heat loss from the side boundary to the ambient. Fig. 6.3
shows the simulated temperature profiles at the same location of thermocouples, where the experimental
data in [24] are presented as well for comparison. In general, a reasonably good agreement can be
observed between computational predictions and experimental data. In the case of successful
smouldering propagation (Fig. 6.3a-b), right after ignition (30 min), both experimental and simulated
smouldering front gradually propagates downwards. The peak smouldering temperature decreases from
approximately 500 °C to 300 °C as smouldering propagates from top to bottom. By comparison, in the
case of quenching (Fig. 6.3c-d), during the ignition, the sample temperature can still reach 500 °C, but
afterwards, it decreases to ambient temperature within 10 h. Overall, the shape of predicted temperature
profiles, peak temperatures, and fire spread durations are consistent with experimental observations,
which demonstrates our model’s capability to simulate the propagation and quenching of smouldering
combustion.

In order to better display the transient characteristics, the 2-D profiles of temperature and heat
release rate (HRR) are also presented in Fig. 6.4, where the left and right sides of the symmetric plane
represent the profiles of temperature and HRR, respectively. When the diameter is 12 cm (Fig. 6.4a)
and the overall lateral heat transfer coefficient is 0.58 W/m?-K, right after the ignition, a hot region with
intense heat emitted emerges at the top of the sample. Afterwards, it gradually spread downwards
without clear deceleration of propagation rate. At t = 40 h, the smouldering propagates to the bottom
and eventually burns out about 90% of the original mass. For comparison, a quenching case, where the

diameter of the sample decreases to 6 cm, is shown in Fig. 6.4(b). It could be seen in this case, right
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after the ignition, the sample temperature also reaches above 500 °C and can even propagate downwards
for a certain period (from t =0.5h to t =5h ). However, after that, the temperature of the
smouldering front decreases significantly with less heat emitted. At t=10 h, the smouldering is quenched

at the middle of the column. All these predictions are in line with our experimental observations reported

in [24].
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Fig. 6.3. Comparison of measured [24] and predicted temperature histories of (a-b) successful propagation
sample with a diameter of 12 cm, and (c-d) failed propagation sample with a diameter of 6 cm, where the overall

lateral heat transfer coefficient is 0.56 W/m?-K.
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Fig. 6.4. Transient profiles of temperature and heat release rate of (a) smouldering propagation in a 25-cm
high peat column with D = 12 cm, U = 0.58 W/m? - K, and (b) smouldering quenching with D = 6 cm, U =
0.58W/m? - K.

6.3.2 Smouldering quenching diameters at different cooling conditions

Following the two base cases above, we further simulate the propagation and quenching for peat
samples with different sizes and lateral heat loss coefficients to find quenching diameters at different
cooling conditions. Fig. 6.5 summarizes the prediction results (dashed line) and compares with the
experimental data (markers) in [24]. In general, simulations show a satisfactory agreement with
experimental measurements, with an average error of less than 2 cm. The effect of lateral heat loss is
also well predicted by the model; that is, the quenching diameter (D*) increases as the lateral heat
transfer coefficient (U) increases. For example, as U increases from 0.25 W/m?-K to 2.0 W/m?-K, D*
increases from 541 cm to 2141 cm, which is 2-3 orders of magnitude larger than the scale of quenching
distance of the premixed flame (~1 mm) [24,61]. These predictions agree well with our experimental
measurements [24], and our model is therefore further validated.

To explain the influence of lateral heat loss on the quenching diameter, a simplified heat transfer
process could be applied to a propagating smouldering front with a thickness of & inside a duct, as
illustrated in Fig. 6.2. At the extinction limit (when D=D"), the heat released inside the duct must

approximately balance with the rate of heat loss through the lateral direction (Qs,;, = Qjoss) S

nD*?
A (——+ 8 ) = UAT(rD" ) (6.27)

Rearrange Eq. 6.27, we have
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D* = 4UAT 4UAT (6.28)
mp'AHgym Mg Yo, AH gy '

nr

where Mg, Yo,, AH,, are the volumetric air flow, mass fraction of oxygen and heat of oxidation
respectively, AT is temperature difference between the temperature of smouldering front near the wall

and ambient. From Eq. 6.28, D* increases as U increases, successfully explaining the predicted trend

in Fig. 6.5.
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Fig. 6.5. Predicted quenching diameter of smouldering combustion vs overall heat transfer coefficient in

the lateral direction, where the experimental result from Lin and Huang (2021) [24] are plotted for comparison.

6.3.3 Smouldering temperature and propagation rate

Smouldering temperature and propagation rate are two key parameters that describe the
characteristics of smouldering combustion, their sensitivities to the lateral insulation and system size
are thus of vital importance and are worth further investigation.

Fig. 6.6 summarizes the effect of the diameter (D) of peat column and overall lateral heat transfer
coefficient (U) on the (peak) smouldering temperature (T,,) and the forward propagation rate (Sg;;,)-
Both smouldering temperature and propagation rate increase as the diameter of the peat column
increases, agreeing well with experimental measurements [24]. For example, at U=0.58 W/m? - K, as
D increases from 10 cm to 40 cm, the smouldering temperature and propagation rate increase from 380
°C to 820 °C and 0.61 cm/h to 1.6 cm/h, respectively. The effect of lateral heat loss is also correctly
predicted by the model. Both smouldering temperature and propagation rate decrease as the lateral heat

loss increases. For example, at D=20cm, as U increases from 0.58 t0 2.0 W/m? - K, the smouldering
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temperature and propagation rate decrease from 645 °C to 370 °C and 1.29 cm/h to 0.68 cm/h,
respectively. It is worth noting that once D increases to a sufficiently large value, the sensitivity of the
smouldering temperature and propagation rate to the dimension of the smouldering system and
insulation property diminishes significantly. Such a size threshold may help maximize the combustion
efficiency of the smouldering system and provide practical implications toward the cost-saving design
of smouldering reactor [25].

On the other hand, as D decreases, both the smouldering temperature and propagation rate
continuously decrease and eventually approach the critical values at the extinction limits. As shown in
Fig. 6.6(b), the minimum smouldering propagation rate is predicted to be 0.5 cm/h, consistent with the
experimental observation [24] and the minimum smouldering temperature is predicted to be 350 °C,

which also agrees well with the experimental measurement.
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Fig. 6.6. (peak) smouldering temperature (T,,) and average propagation rate (S,,) as a function of the
diameter of peat column (D) and overall lateral heat transfer coefficient (U), where the dashed lines represent

the predicted results, and the markers represent the experimental data from [24].

6.3.4 Sensitivity to ambient temperature
The ambient temperatures (T,,) are expected to vary in different scenarios. This might affect the
smouldering thresholds and the quenching behaviour of smouldering combustion. Herein, the

sensitivity of the quenching diameter to ambient temperature is investigated by varying T,, within a

wide range (from 0 °C to 200 °C ).
Computational results show that the quenching diameter of smouldering combustion (D*)

decreases as the ambient temperature increases, as shown in Fig. 6.7(a). For example, at U=0.58
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W/m? - K, the quenching diameter of smouldering combustion decreases from 13 cm to 1 cm as the
initial ambient temperature increases from 0 °C to 200 °C. As ambient temperature increases (AT
decreases), the heat loss to the ambient temperature decreases (Eq. 6.27). At the same time, oxidation
rate and the corresponding heat-generation rate (1, AH,,,) increase. These changes can lead to a
smaller D*, which can be well explained by Eq. 6.28, which shows that D* is proportional to the
temperature difference and inversely proportional to the heat-generation rate. Note that as the ambient
temperature continues to increase, the quenching diameter gradually approaches zero, indicating that
there would be no quenching if the heat loss to ambient becomes sufficiently small.

Moreover, Fig. 6.7 (b-c) further summarizes the predicted smouldering temperatures and
propagation rates at different ambient temperatures. It is seen that T,, has a significant impact on both
smouldering temperature and propagation rate. At D=8 cm and U=0.58 W/m? - K, as T,, rises from
50 °C to 200 °C, Tsm increases from 400 °C to 620 °C. At the same time, the propagation rate increases
by 4 times from 0.5 cm/h to 2.5 cm/h. Since the ambient temperature can be high in some specific

scenarios (real fire situation), it is worthy to further explore the effect of ambient temperature on the

propagation of smouldering combustion in future work.
6.3.5 Sensitivity to the mass fraction of oxygen

Smouldering combustion defines a lower oxygen threshold (~11%) for fire activity on Earth [45].
As oxygen supply is another critical mechanism that controls smouldering combustion, we also
investigate the sensitivity of the quenching diameter of smouldering combustion to oxygen supply. Fig.
6.7(d) shows the computational predictions of the influence of mass fraction of oxygen (Yp,) on D*.
Given U=0.58 W/m>-K, as Yp, increases from 23.2% to 40%, D* decreases from 13 cm to 5 cm.
Therefore, a lower oxygen supply is expected to make the quenching of smouldering easier. Such a
trend can also be explained by Eq. 6.28, where the quenching diameter of smouldering combustion is
inversely proportional to the mass fraction of oxygen (i.e., D* < 1/Yp)).

Also, the effect of the mass fraction of oxygen on the smouldering temperature and propagation
rate is predicted and summarized in Fig. 6.7(e-f). Analogous to the increased ambient temperature, the
larger mass fraction of oxygen results in a higher smouldering temperature and a larger propagation
rate. Further increasing the mass fraction of oxygen or ambient temperature, the smouldering-to-flaming

transition may also occur. However, such behaviour is not well modelled and may be beyond the

112



capability of the current model.
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Fig. 6.7. Predicted effect of ambient temperatures (T, ) (a-c) and mass fractions of oxygen (Yp,) (d-f) on the

quenching diameters of smouldering combustion, smouldering temperature and propagation rate.

6.4 Conclusions

In this chapter, a 2-D model that simulates the smouldering of peat column is built using open-
source code Gpyro. Based on this model, we computationally study the quenching diameter of
smouldering combustion for the first time. The computational predictions show that the quenching
diameter of smouldering combustion (D*) increases from 5+1 cm to 21£1 cm as the overall lateral heat
transfer coefficient (U) increases from 0.25 W/m?-K to 2.0 W/m?-K, agreeing well with the
experimental observation. The influence of peat column diameter (D) and the overall lateral heat

transfer coefficient (U) on the smouldering temperature (7sm) and propagation rate (Sem) is also
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investigated. In general, T, and Ssm would increase with a larger sample diameter or less lateral heat
loss, but their sensitivities diminish if D is sufficiently large. Finally, the sensitivity of quenching
diameter of smouldering combustion to ambient temperature (T,,) and mass fraction of oxygen (Yp,)
is explored. It is seen that lowering T, or Y,, makes the quenching of smouldering combustion
significantly easier. The influence of T, and Yy, on the propagation and quenching of smouldering
is of both practical and theoretical importance, it is worthy to further study them in future work. This is
the first time to use a comprehensive physics-based model to predict the quenching behaviour of
smouldering combustion at different ambient conditions, thus helping understand the persistence and
extinction limit of smouldering and support the prevention and suppression strategies for smouldering

fire.
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CHAPTER 7: Firebreak for Smouldering Wildfires: from Combustion Theory to
Firefighting Application

Summary

Smouldering wildfire is an important disturbance to peatlands worldwide, and it contributes
significantly to global carbon emissions and provides positive feedback to climate change. Herein, we
explore the feasibility of firebreaks to control smouldering peat fires through laboratory-scale
experiments. The dry-mass moisture content (MC) of peat soil varied from 10% (air-dried) to 125%.
We found that smouldering peat fire may be successfully extinguished above the mineral soil layer,
even if the peat layer is not entirely removed. There are two criteria for an effective peat firebreak: (I)
adding water to make the peat layer sufficiently wet (> 115% MC in the present work), and (II) ensuring
that the peat layer is thinner than the quenching thickness (< 5 c¢m). Criterion I may fail if the water
table declines or the peat layer is dried by surface fires and hot weather, thus satisfying Criterion II is
more attainable. A sloped, trench-shaped firebreak is recommended to guide water flow and help
maintain high peat moisture content. This work provides a scientific foundation for fighting and
mitigating smouldering wildfires and guides protective measures for field-scale peat fire experiments.

This chapter is based on “S. Lin, Y. Liu and X. Huang (2021) How to Build a Firebreak to Stop
Smouldering Peat Fire: Insight from a Laboratory-Scale Study. International Journal of Wildland

Fire 30(6): 454-461. doi: 10.1071/WF20155.”
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7.1 Introduction

Smouldering fire is slow-moving, low-temperature, and flameless, and is the driving burning
phenomenon in global peatlands and an important disturbance to the global ecosystem [1-4]. Although
peatland only covers 2-3% of Earth’s land surface, it is a significant carbon sink, holding approximately
25% of the planet’s terrestrial soil carbon, close to the carbon amount in the atmosphere [5]. Therefore,
peat fire is a global source of carbon emissions and the leading cause of regional haze events, especially
in Southeast Asia and boreal regions [4,6,7]. In 2019, slash-and-burn activities in Indonesia accidentally
resulted in peatland wildfires that burned for several months, producing a thick and hazardous smoke
layer over Indonesia and nearby countries that posed severe health issues to a large population [§].

In recent decades, global warming has increased fire frequency and severity in peatlands; therefore,
fire regimes have changed [9—11]. Once ignited, despite extensive rain or other firefighting attempts,
smouldering peat fire may burn for months and even for years [1,12,13]. Many research efforts have
been targeted to understand the characteristics of smouldering peat fire, such as combustion chemistry
[14], ignition [15-17], fire spread [18—24] and emissions [6,25-31]. However, compared with these
profound studies on ignition and fire behaviour, very few studies are available to control and extinguish
these persistent smouldering wildfires [13].

With respect to the fire triangle, three methods can be applied to extinguish a fire, namely starving
(by removing the fuel), smothering (by removing the oxygen), and cooling (or quenching by removing
the heat) [32]. To suppress large-scale peat fires, except for cooling, neither starving nor smothering is
practical [13,33]. In real fire scenarios, if the peat is sufficiently wet with dry-mass moisture content
(MC,) higher than 100~200%, it can be protected by its own moisture, which could be defined as the
peat fire threshold [15,16,22,34,35]. Today, water is still the most widely-used cooling agent in fighting
peat fires [36-38]. However, water is not always accessible near the fire scene, and firefighting
operations are risky due to the extreme heat and smoke [39]. In practice, building a firebreak or barrier
could be more effective in controlling and mitigating the hidden peat fires [40], as illustrated in Fig. 7.1.
For example, to suppress a peat fire in Scotland in 2008, the Fire Service and Regional Army dug a
trench as the firebreak which was 5 m wide and 0.5-2 m deep (down to the mineral soil layer) around
the perimeter of the fire by excavating peat soils [1].

The firebreak, also known as the fireguard, is built to prevent the fire from escaping existing

burning regions, which is widely used in the fire protection of wildland-urban interface (WUI) and
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prescribed fires [41,42]. A conventional firebreak is a strip of land denuded of all flammable materials.
It may be constructed with a grader, plough, excavator, or just a shovel before or during the wildfire
[43]. Such a firebreak is designed based on the knowledge of flaming ignition to prevent flame spread

and the proliferation of firebrands, so it may not be effective in controlling smouldering wildfires [44].
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Fig. 7.1 (a) Practices of making a firebreak to control peat fires (Credit: Rob Gunstone, Ignacio Villaverde),

and (b) schematics of smouldering fire in peatland and the concept of making a trench-shaped firebreak.

Considering the massive scale of peatlands and underground fires, digging a trench into the peat
soil layer to make a firebreak is a quite costly process in practice (see Fig. 7.1). If the trench is too
shallow and a thick peat layer remains, the smouldering fire can still cross the firebreak. One the other
hand, if the trench is made too deep, valuable time and human resources are wasted, especially during
an urgent peat fire event. As the thickness of the peat layer varies in the field, it is challenging to design
and build a firebreak for peatlands in the scale of km that balances the effectiveness and cost. To the
best of the authors’ knowledge, no study has explored the feasibility and reliability of firebreaks in
controlling smouldering peat fires; thus there is a significant knowledge gap.

This work aims to explore the applicability and minimum requirements of a firebreak for
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smouldering peat fires through laboratory-scale experiments. A trench-shaped firebreak was built above
a mineral sand layer to mimic a real firebreak in peatlands. The maximum thickness of the remaining
peat layer was explored under the principles of cooling or quenching, (I) by peat moisture and (II) by
underlying mineral layer. The research outcomes provide a scientific foundation for underground
wildfire fighting and the design criteria for the protective measures of large-scale peat fire experiments

in the field.
7.2 Experimental methods

Ideally, for a firebreak, if all organic peat soils are entirely removed, and only the mineral soil layer
remains, the smouldering fire can be well confined. However, the real thickness of the peat layer is not
uniform, and the soil moisture profile and inorganic content vary greatly with locations. Moreover, it is
practically impossible to quickly identify the peat layer’s thickness or remove it completely.
Nevertheless, even if the peat layer is not entirely removed, as long as the remaining peat layer is wet
and thin enough, the smouldering fire can be quenched by its moisture or the bottom mineral soil layer
[33.,45]. Thus, the laboratory experiments aim to determine the remaining peat layer’s maximum
thickness to break the smouldering peat fire successfully.

The tested organic-rich (~97%) peat soil was moss peat from Estonia (see Fig. 7.2a), which had
been used in a series of previous studies [13,17,33,38]. Such a high-organic peat soil has the highest
smouldering fire risk, which defines the worst peat fire scenario. Therefore, the criteria for breaking
smouldering fire in this peat can guarantee effectiveness in other peat soils with lower organic contents.
The peat soil was first oven-dried at 90 °C for 48 h, and the dry bulk density was measured to be 145
kg-m™. The element analysis shows a mass fraction of 44.2 (C), 6.1 (H), 49.1 (0O), 0.5 (N), 0.1(S) %
[17]. Once the dried peat was exposed to ambient, it immediately absorbed the air moisture to reach a
new equilibrium with MC, = 10%, defined as the air-dried peat. To obtain the desired MC,, the oven-
dried peat was mixed with the corresponding amount of water [17,46]. Afterwards, the sample was
shaken and left in a sealed box to equilibrate and homogenate. For wet peat samples, the MC, ranged

from 25% to 125%, with an interval of 25%, where the uncertainty was within 5%.
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Fig. 7.2 (a) Photos of moss peat soil tested in this experiment, and (b) schematics of the experimental design.

A top-open smouldering reactor was designed to mimic a trench-shaped firebreak, as shown in Fig.
7.2b. All sides of the reactor were made of metal mesh to provide support and sufficient oxygen to the
soil layer. Below the peat layer, there was a 1-cm layer of fine mineral sand plus a brick to simulate the
mineral soil layers. The dry bulk density of sand was approximately 1,500 kg-m™. The sands with three
different moisture contents (MCs) were selected to vary the bottom cooling condition: (i) weak cooling
MC; = 0% (dry sand), (ii) medium cooling MC; = 15% (wet sand), and (iii) strong cooling, MCs = 30%
(saturated sand). Note that sand is ten times denser than peat soil, so the absolute mass of water in
mineral sands with MC, = 15% is still higher than that in peat soils with MC, = 125%.

A 10-cm coil heater was buried 5 cm below the top free surface and attached to the left-hand side
to initiate a consistent and robust smouldering fire. The ignition protocol was set at 100 W for 30 min,
which was strong enough to initiate a robust smouldering fire [18]. Initially, the peat sample thickness
was 10 cm, and the peat soil was left to burn and spread laterally for 10 cm to self-stabilize (see Fig.
7.2b). Considering the structural safety and stability of firebreaks in the field [47], instead of a right-
angle transition to the lower-level firebreak section, a sloped wedge transition section (45°) was
designed to prevent landslide.

The effective length of the simulated firebreak was 15 cm, and the thickness of the peat layer (6))
was varied from 1 cm to 9 cm, referring to our previous work [33]. If smouldering fire successfully
spread for 15 cm without clear deceleration but ultimately burned through the peat layer, the tested
thickness was then gradually decreased at an interval of 2 cm until successfully breaking/quenching the

fire. Then, the maximum thickness of the peat layer allowed for the firebreak (&) could be obtained.

122



Afterwards, the influence of the soil moisture profile (i.e., both MC, and MC;) was also explored.
Throughout these experiments, the ambient temperature was 23+2 °C, and the relative humidity was
about 50 £10%. For each scenario, tests were repeated at least twice, and for tests near the limits, three
or four repeating tests were conducted to ensure repeatability. Our results showed excellent repeatability
roughly because of the use of commercial peat soil with uniform density, particle size, and organic
content [38]. In total, about 250 experiments were conducted to explore the minimum requirements of
an effective firebreak.

7.3 Results and discussion

7.3.1 Phenomena of peat fire spread and extinction

As the peat moisture content was increased to 125%, the spread of smouldering peat fire was no
longer sustained, regardless of the thickness of the peat layers. In the literature, fire extinction due to
high peat moisture content (Quenching Type I) has been widely observed, and the maximum value of
MG, varies with the type of peat soil burned and the wildfire conditions [15,16,22,35]. For this specific
peat soil, the maximum peat moisture or the fire threshold is about MC, =~ 115%. Note that for downward
fire spread, the maximum MC, could be higher because of the heat insulation provided by the top ash
layer [48,49].

Figure 7.3 compares the effect of remaining peat-layer thicknesses (6, ) on breaking the
smouldering peat fire. After the 0.5-h ignition process, a robust smouldering fire gradually spread
forward for 10 cm before passing through the transitional wedge section. Then, in the transitional area,
the fire front would slow down and self-adjust. Afterwards, the smouldering fire entered the firebreak
section and attempted to spread. For the failed firebreak with a thickness of 7 cm, 50% MC,, and 30%
MC; (Fig. 7.3), the smouldering fire successfully spread forward without a clear deceleration process.
Eventually, the organic peat layer was consumed and turned into ash. Further extending the firebreak
length over 15 cm, the smouldering fire could still spread across the firebreak. In other words, this
firebreak could not stop/break the peat fire, because the remaining layer of organic soil in the firebreak
was not thin enough to be quenched by the mineral layer.

As the remaining thickness of peat layers was decreased to 1 cm (Fig. 7.3b), the smouldering fire
could no longer spread after passing through the transition section. Instead, the smouldering fire front

was entirely stopped and extinguished within 5 cm into the firebreak. Therefore, as long as the
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remaining peat layer is thin enough, the smouldering fire could be quenched by the underlying cold
mineral soil layer (Quenching Type II). The scientific principle of the smouldering quenching process
was demonstrated previously [33].
7.3.2 Limiting conditions of peatland firebreak

The experimental outcomes of firebreaks are summarized in Fig. 7.4a-c with different peat-layer
thicknesses (&) and soil layer moisture profiles (MC, and MCs), where ‘O’ and *x’ represent the spread
and extinction of smouldering fire, respectively. First of all, no fire was sustained if the peat moisture

was above 115% (Quench Type I).

(a) Failed firebreak (7-cm peat) (b) Effective firebreak (1-cm peat)

«10cm » ~——15¢cm ——> 10cm > —15¢cm —>

Ignition (0 h) Ignition (0 h)

4 4

Stabilization (1 h) Stabilization (1 h)

4 3

Transition (2 h)

Transition (2 h)

4

Burnout (4.5 h)

Extinction (3 h)

h

Fig. 7.3 Snapshots of the smouldering peat fire spread in the laboratory-scale firebreak, (a) failed firebreak with

7-cm thick peat layer, 50% MC,, and 30% MC;, and (b) successful firebreak where fire extinction due to cooling
with 1-cm thick peat layer, 50% MC,, and 30% MC,

Secondly, the quenching (or breaking) of smouldering peat fire also occurred if the thickness of the

124



peat layer (&) in the firebreak decreased, due to the cooling from the underlying mineral soil layer
(Quenching Type II). As the mineral layer got wetter or the value of MC; increased, a thicker peat layer
was needed to maintain the fire spread, because of the increased cooling from the bottom mineral layer,
as shown in Fig. 7.4a-c and further compared in Fig. 7.4d. Specifically, for air-dried peat (MC, = 10%),
the dry mineral soil layer was difficult to quench the peat fire (Fig. 7.4a), unless the peat layer was
entirely removed. On the other hand, for a saturated mineral soil layer, the smouldering fire can be well
isolated, even if the peat layer above was 2 cm (Fig. 7.4¢).

Moreover, both quenching effects emerged for smouldering spread over a wetter peat layer. Then,
the maximum peat thickness allowed to remain in the firebreak (6, ) increased with the moisture content
of peat (MC,) and substrate mineral sand (MC;). In other words, a wetter soil profile made the quenching
of smouldering fire easier. For example, when the mineral sand layer was saturated, as MC, increased
from 10% to 100%, the value of &, increased from 1 cm to 7 cm. Therefore, in the practice of digging
the break against the peat fire, as long as the remaining peat layer in the firebreak is wet and less than

5-10 cm (depending on soil types), the firebreak will be relatively effective.

(a) MC,=0% (dry sand) (b) MC,=15% (wet sand)
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Fig. 7.4. Experimental outcomes of the peat fire spread in the firebreaks with different MCs of peat soils and

inorganic sands (fire spread ‘O’ and quenching ‘X”).
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7.3.3 Limiting conditions of peatland firebreak
To scientifically understand the influence of the soil moisture profile on the required thickness of
smouldering firebreaks in peatlands, an approximate and simplified heat transfer analysis based on the
energy conservation equation can be adopted. The smouldering region in the firebreak is chosen as the
control volume, similar to Lin and Huang (2020a). Figure 7.5 illustrates the energy balance for a
horizontally propagating smouldering front within the firebreak where the peat layer has a thickness of
8,,. At the extinction limit (8, ), the net heat released from the smouldering fire region (Qsm) should just
overcome the heat loss to the ambient atmosphere (s ) and conduction to the bottom mineral soil layer
(G2 nq)- as well as enabling the evaporation of the peat moisture (Q,,,). That is,
(45 + Geona)Ax = Qm + Qev = 1 85 (AHgy — MCyAH,, ) (7.1)
where Ax is the length of the smouldering front that is comparable to 8, [33]; my is the mass-loss
flux of burning peat; and AH;,, is the heat of smouldering combustion of peat, where the combustion

process is weak and incomplete at the near-extinction temperature of 250~300 °C.

Peat
soil

Mineral
Soil

o il
cond

Fig. 7.5. Schematics for the energy balance for a horizontally propagating smouldering front.

If the entire peat and mineral layers are dry, the fire risk within the firebreak is the highest, although
such a scenario may be rare in nature. Thus, smouldering fire can spread across the firebreak even with
a very thin peat layer. This thinnest limit of the peat layer (6, ) is

(G2 + Qloma)Ax = 10 85 i AHim (7.2)
By dividing Eq. (7.2) by Eq. (7.3), we have

85 - AH
- pmin=ev MCp (7.3)
AHZ, — MC,AH,,

6; = 6;,min +

where the maximum peat moisture for smouldering (or the limit of Quenching Type 1) is
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AHgp,

MCp, max = AHeU

(7.4)

Eq. 7.3 predicts that as the peat becomes wetter (i.e., a larger MCp,), the limiting thickness of the
firebreak first increases almost linearly. When the peat moisture approaches the limit of Quenching
Type I (MCp, max), the thickness of the peat layer becomes irrelevant, which agrees with the test data in
Fig. 7.4.

The influence of sand moisture is reflected by the bottom heat conduction (§y,4), Which is used
to evaporate the water of the sand layer within a thermal-penetration thickness of § as

Gconadx = My 0sAHey = psSsmMCs8sAH g, & MC (7.5)

where S;, =& 0.1 mm/min is the minimum spread rate of the peat fire [33]. By substituting Eq. 7.5
into Eq. 7.2 and Eq. 7.3, we have

8p X 8 min < MCy (7.6)

Therefore, as the bottom sand moisture content (M C;) increases, the smouldering fire is more vulnerable

to extinction, even if the thicker peat layer remains. In short, the proposed heat-transfer analysis

successfully explains the experimental results in Fig. 7.4d.
7.3.4 Implication of peatland firebreak in practice

Ideally, as long as MC, is beyond the fire threshold (or it is sufficiently wet), the smouldering fire
can be effectively isolated and even self-extinguished, which is regarded as a successful peatland
firebreak based on Criterion I. However, in the real peat fire scenario, wetting the peatland by rain or
firefighting water spray may become invalid, considering a peat fire can last for weeks or even months.
On the other hand, a wet soil layer can be quickly dried by surficial flaming front or slowly dried by
sunshine and hot weather. If the peatland firebreak is dried before the peat fire is entirely suppressed, it
can no longer isolate the burning area or break the smouldering peat fire.

Therefore, the most effective and reliable peatland firebreak needs to satisfy Criterion II, that is,
removing the majority of peat layers and ensuring the thickness of the remaining peat layer in the
firebreak is less than 5 cm. Then, without removing the entire peat soil layer, the firebreak can prevent
the hidden peat fire from creeping cross the firebreak and escaping from the burning zone, regardless
of the weather change. Moreover, the sloped, trench-shaped firebreak is recommended, as the sloped
wedge creates a transition to weaken smouldering intensity, slow down fire spread, and avoid landslide

or collapse [47] in situ. The trench-shaped firebreak can also guide the water to flow into the firebreak
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like the drainage systems [50], which helps maintain a high water table and keep the peat soil layers
wetter than the fire threshold.

The proposed design criteria of peat firebreaks can be applied to control real smouldering wildfires
and offer a protective measure for field-scale peatland fire experiments. For peatland managers and
firefighters, different layers of fire protection measures may be considered. Note that as the peat is
heterogeneous in nature, the borderline of the quench/spread curves has some uncertainty. Therefore, it
is recommended to sample peat soils and conduct small-scale experiments to identify their fire threshold
in terms of moisture contents (MC,, ax). Then, the thickness of the peat layer and moisture profile of
the entire soil layer at different locations should be determined, so that different fire zones with similar
fire hazards may be divided. Afterwards, referring to the criteria in Fig. 7.4, precautionary firebreaks
can be created along with the areas with a thin and wet peat layer to minimize the cost and workforce.
Finally, the trench-shaped firebreak can be quickly constructed by excavating the minimum amount of
peat layer and adding a minimum amount of water, which saves the firefighting resource and maximizes
efficiency. However, this firebreak method would not be simply upscaled for flaming wildfires, as
firebrands may easily break through most firebreaks. Large-scale peat fire experiments in the field and

more firefighting practices are required to develop scientific guidelines for peat firebreaks.
7.4 Conclusions

In this work, we conducted bench-scale peat fire experiments to explore the scientific foundation
and design criteria for constructing peatland firebreaks. We found that the smouldering peat fire can be
successfully isolated above the mineral soil layer, even if the peat layer is not completely removed.
There are two criteria for an effective peat firebreak: (I) adding water to make the peat layer sufficiently
wet (> 115% MC in the present work), and (II) ensuring the peat layer is thinner than the quenching
thickness (< 5 cm). Criterion [ may fail if the water table declines or the peat layer is dried by the hot
weather and surface fires; thus, satisfying Criterion II is more reliable.

Moreover, the sloped, trench-shaped firebreak is recommended to avoid a landslide and guide the
water flow to keep the peat layer wet. This work provides a scientific foundation for fighting and
mitigating underground wildfires and guides protective measures for field-scale peat fire tests. Future
research should quantify the influence of inorganic content and ambient temperature on the design of

peatland firebreaks and verify the effectiveness of firebreaks in real peatland wildfires.
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PART C: Environmental Impacts on Smouldering Limits: Wind, Weather

and Climate

Smouldering limits are sensitive to the environmental conditions. In particular, the airflow or wind
is crucial to smouldering propagation, because it could increase both the oxygen supply and the heat
loss. However, so far, no study has addressed the smouldering propagation at large wind speeds over
10 m/s and the blow-off limits of persistent smouldering fire. Also, for large-scale peatland fires, as the
human-based firefighting may not achieve desired effect, most of the smouldering peat fires were
extinguished by natural extensive rain. However, the extinction limit of smouldering peat fire under
rainfall is still unclear. Moreover, owing to the climate change, the arctic and boreal regions have
suffered from it worst wildfire season and longest burning duration in the form of burning organic soils.
Therefore, the vulnerability of organic peat soil to the wildfires and the positive feedback of
smouldering peatland fires to the global warming are worth exploring.

This part includes three chapters (8-10), with the focus of the environmental impacts on the
smouldering limits. Chapter 8 quantifies the smouldering propagation rate on consolidated biomass and
the blow-off limit under concurrent and opposed external airflows up to 50 m/s, where the effects of
fuel diameter and density are thoroughly discussed. Chapter 9 assesses the underlying mechanism of
rain in suppressing the smouldering peat fire in the shallow soil layer up to 15 cm deep through
laboratory experiments, where the minimum rainfall intensity and depth to suppress smouldering peat
fire is found. Chapter 10 quantifies the minimum environmental temperature that allows the moist peat
to smoulder, and then apply a typical vertical soil temperature profile to estimate the future depth of

burn and carbon emissions in boreal peatland fires under the impact of global warming.
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CHAPTER 8: Blow-off Limits of Smouldering Fire under External Airflow

Summary:

The propagation of smouldering combustion and the blow-off limit are of practical importance in
evaluating the fire dynamics of solid fuels, but the scientific understanding is still limited. In this work,
we quantify the smouldering propagation rate on consolidated biomass and the blow-off limit under
concurrent and opposed external airflows up to 50 m/s. The incense cylinders with different diameters
(1.5-5 mm) and densities (720-1,100 kg/m?) are tested. As the airflow velocity increases, smouldering
propagation rate first increases to its maximum value (Oxygen-limited Regime), and subsequently
remains stable (Thermal Regime), regardless of the airflow direction. Afterwards, it slightly decreases
(Chemical Regime) until blow-off, and the blow-off of opposed smouldering is easier, similar to the
pattern of flame spread. The blow-off airflow velocity (13~46 m/s) of smouldering combustion is
around ten times larger than that of flaming combustion, and it decreases as the fuel diameter or density
increases. This work advances the fundamental understanding of the smouldering propagation, blow-
off and its persistence nature; thus, helping guide the fire suppression strategies of smouldering.

This Chapter is based on “S. Lin, T. H. Chow, and X. Huang (2021) Smouldering Propagation and

Blow-off on Consolidated Fuel under External Airflow. Combustion and Flame (Accepted)”.
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8.1 Introduction

Smouldering is a slow, low-temperature, and flameless burning of porous fuels and one of the most
persistent types of combustion phenomena [1-3]. Smouldering combustion is a heterogeneous process
sustained when oxygen directly attacks the hot fuel surface, different from the flame regarding the
combustion chemistry and transport processes [2,3]. Smouldering can be ignited easily by a weak heat
source [2—4] or even self-ignited, which usually occur in silos and large fuel piles [5], creating a shortcut
to more intensive flaming fires (through smouldering-to-flaming transition). Moreover, it is also
challenging to detect and suppress the hidden smouldering fire. For example, the colossal piles of World
Trade Centre debris continued to smoulder for more than half a year, despite substantial firefighting
operations [6]. Natural smouldering, such as the underground fires in peatlands or coal mines, is one of
the most extensive and longest-lasting fire phenomena on Earth [7,8]. Therefore, it is vital to deepen
our understanding of smouldering fire dynamics.

The fire spread (propagation) process is of practical significance in evaluating the impact of fire
events [9—-12]. The fire spread is a continuous ignition and burning process [13], depending on both
environment (e.g., wind [10,11,14—16], oxygen [17-19], pressure [20,21], and gravity [22]) and fuel
factors (e.g., type/array [23], moisture [16,24], density [25], orientation [26], and size [27,28]). Based
on the relative direction to the airflow (or wind), fire spread can be classified into the concurrent and
opposed modes [9—11]. In the literature, most studies have focused on the characteristics of flame spread
on solid fuels [9—11,29], rather than the smouldering spread.

Smouldering combustion is controlled by the competition between the oxygen supply and the heat
transfer to and from the reaction zone [3,30,31]. Therefore, the airflow or wind is crucial to smouldering
propagation, because it could increase both the oxygen supply and the heat loss [15,28,32]. By applying
an external airflow (or environmental wind), smouldering propagation may become faster because of
the increased oxygen supply (O:-limit regime) [1,11,17]. Afterwards, the excessive airflow may also
help trigger gas-phase homogenous oxidation under some specific conditions and result in smouldering-
to-flaming (StF) transition [33]. However, for flaming fires, flame spread increases with wind speed
due to increased convective heating on the unburnt fuel, rather than increased oxygen supply [33]. On
the other hand, the porosity and permeability of fuel also affect the oxidation-controlled smouldering
processes. For high-permeability fuels, such as cotton [15,34], pine needle [35], and PU foam [36],

oxygen can diffuse into the porous fuel to maintain an internal smouldering propagation. For low-
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permeability consolidated fuels like wood [37], fibreboard [1], and coal chunk [8], smouldering can
only propagate from outside to inside like a regression process, because oxygen could only diffuse
through the porous char that is produced from the first-stage pyrolysis process [11]. Further increasing
the airflow velocity, the cooling effect becomes dominant, so eventually smouldering extinction or
blow-off will occur, just like the blow-off of flame [38].

In the literature, the blow-off of flame on solid fuels has been extensively studied over the last 50
years [4,11]. For example, Loh and Fernandez-Pello [39] showed that the concurrent rate flame spread
over the thin paper first increased with the airflow velocity (< 1 m/s) but became almost constant until
blow-off at about 3 m/s. A similar trend and blow-off wind speed were also observed for the concurrent
flame spread on thin electrical wires [40]. In general, the blow-off of opposed flame spread is easier,
usually at an airflow velocity lower than 1 m/s [41,42]. Comparatively, the research on the blow-off of
smouldering is limited; and generally, it is more difficult to blow off persistent smouldering fire. Palmer
[1] found that the blow-off limit of opposed smouldering propagation over fibreboard was about 7 m/s,
but the concurrent smouldering propagation could still be sustained at 10 m/s [1,11]. Like the flame,
most smouldering extinction processes result from a local energy imbalance, where the cooling rate is
larger than the heat-release rate from exothermic oxidations [4,38,43]. Thus, decreasing oxygen
concentration and pressure promotes the blow-off of smouldering under a smaller airflow [19,20]. So
far, no study has addressed the smouldering propagation at large wind speeds over 10 m/s and the blow-
off limits of persistent smouldering fire; thus, there is a big knowledge gap.

This work investigated both concurrent and opposed smouldering propagations over cylindrical
consolidated biomasses (incenses) with different fuel diameters (1.5-5 mm) and densities (720-1,100
kg/m?). The external airflow velocity up to 50 m/s in a small wind tunnel was applied to explore the
blow-off limits. The theoretical analysis was proposed to explain the influence of environmental and
fuel properties on smouldering propagation and critical conditions of blow-off.

8.2 Experimental methods
8.2.1 Materials

The cylindrical consolidated rod (i.e., incense), a representative biomass fuel that is prone to

smouldering combustion, was tested in this work (Fig. 8.1a). The incense is an aromatic biotic material

that is widely used in cultural and religious events in Asia. It mainly consists of mixed wood dust from
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the aromatic plants (e.g., from sage and cedar) and has homogenous porosity and composition [44]. The
thermal analysis (TGA-DSC) of this incense was conducted. The details of the front and cross-section
of the incense are also shown in Fig. 8.1a. Unlike the cotton bales and plastic foams, the dust particles
inside the incense are densely packed, so oxygen cannot directly flow or diffuse into its internal structure.

Before the test, the incenses were first oven-dried at 75 °C for at least 48 h. Afterwards, all samples
were placed into an electronic dry cabinet to avoid the re-absorbing of moisture from the air. To explore
the effect of fuel diameter (d) and density (p) on the smouldering propagation, two groups of
experiments were designed:

(T) three sample diameters of 1.5, 2.5 and 5.0 mm with a constant fuel density of 720 kg/m?, and

(1) three sample densities of 720, 920 and 1,100 kg/m?* with a constant diameter of 1.5 mm.

To help estimate the rate of smouldering propagation, the long incense rod was cut into 10-15 cm

samples and marked like a ruler with an interval of 1 cm (see Fig. 8.1a).
8.2.2 Environmental control

The experiments of smouldering propagation and blow-off under external airflow were conducted
inside a small wind tunnel. The customized tubular wind tunnel was made of quartz glass and had an
inner diameter (D) of 2 cm and a length of 20 cm, as illustrated in Fig. 8.1(b). The airflow (20.9%
oxygen) from the compressed tank was fed through the bottom of the quartz glass tube, and then
homogenized through a layer of small steel beads. A similar setup was used previously to study the
flame spread [22] and smouldering propagation [19] under opposed flow with different oxygen mass
fractions. Before the test, the airflow velocity (U, up to 50 m/s) was controlled and measured by a
precision anemometer.

For an internal flow in a circular tube of diameter D, the Reynolds number (Rep) can be calculated
as Rep = U,D /v, where v = 16 X 107° m¥s is kinematic viscosity of the air at ambient temperature
[45]. In other words, when the airflow velocity is larger than 2 m/s, the mainstream flow inside the tube
is turbulent (Rep> 2,300) where its velocity profile is relatively flat. On the other hand, the Reynolds
number for the external airflow over the fuel surface (Rep = U,d/v) is much smaller than the turbulent

limit of 5 X 10>, so the boundary-layer flow on the fuel surface is laminar.
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Fig. 8.1. (a) Photos of cylindrical incenses with different diameters with enlarged details of surface and
cross-section, and (b) schematic of experimental setups for concurrent and opposed smouldering propagation

under external airflow.

8.2.3 Test procedure

The biomass sample was ignited by a torch at one end, and then inserted into the middle part of the
wind tunnel and fixed vertically at the tube axis by a sample holder, as shown in Fig. 8.1(b). The ignited
end was placed on the bottom for the concurrent smouldering propagation, while for the opposed
propagation, the ignited end was on the top. Afterwards, wind with prescribed speed was applied, and
shortly after, the smouldering propagation reached the quasi-steady state. The external wind was applied
in a step-increase manner from no wind (i.e., U, = 0 as the base case) until the critical airflow velocity
for blow-off (U,,) was found. To start a new test under a different wind velocity, a fresh fuel sample
was used.

A side-view digital video camera was used to capture the time history of the smouldering front.
Through image analysis frame by frame, the instantaneous smouldering propagation rate (V;,,) can be
calculated as V;,,, = Ax/At, where At is the required duration for a smouldering front to propagate for
a certain distance of Ax. Then, we could judge whether a steady-state propagation was reached. For
each scenario, tests were repeated at least three times to quantify the standard deviations, and more
repeating tests were conducted near the blow-off limit. In general, good experimental repeatability was

found. During the tests, the ambient temperature (T,) was 23 + 2 °C, and the relative humidity was 50
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+ 10%.

8.3 Results and discussion
8.3.1 Smouldering phenomena

Fig. 8.2(a) and (b) shows some typical photos of concurrent and opposed smouldering propagation
under different airflow velocities of 0, 5, and 10 m/s with fuel diameters of 1.5, 2.5, and 5.0 mm. As the
wind velocity increased, the smouldering of incense was stronger due to a better oxygen supply, where
the reaction surface was hot enough to emit visible light (glowing incandescence) [11]. However, no
smouldering-to-flaming transition was observed in the present work, different from those low-airflow
cases in [19-21]. This was probably because the external wind (usually < 5 m/s [39-42]) was already
large enough to blow off the flame. On the other hand, except for oxygen supply, the permeability of a
fuel and its ability to remain consolidated may also affect this transition [33]. Nevertheless, increasing

the oxygen concentration could promote the transition to flame in a smaller airflow [33].

(a) Concurrent (b) Opposed
U, 0m/s U=5mis U,=10m/s U,=0 m/s U,s=5mis U, =10 m/s

d=1.5mm
(0.72 glem?)
d=2.5mm Y
(0.72 glem?)
d=5.0 mm ‘
(0.72 glem?) .
.- 1 ]

(c) Blow off

Scale: 1¢cm
U,=15m/is I —
d=2.5mm
(0.72 glem’) . . . ‘
80s 60s 60s 60s

Fig. 8.2 Smouldering propagation on incense rods of 1.5, 2.5, and 5.0-mm diameters under (a) concurrent, and
(b) opposed airflow velocities of 0, 5, and 10 m/s; and (c) blow-off for smouldering on a 2.5-mm incense under

the opposed airflow velocity of 15 m/s.

Moreover, compared to the opposed propagation, the glowing zone is brighter for the concurrent
propagation under the same airflow velocity. The length of the glowing zone (8, or smouldering front

thickness) increased as the fuel diameter increased, but it was insensitive to the airflow velocity unless
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near the blow-off limit. Fig. 8.2(c) also shows a typical blow-off process for the smouldering over a
2.5-mm thick incense, where the opposed airflow velocity was increased to 15 m/s. Gradually, the
smouldering (glowing) zone became weaker, flatter, and smaller. After maintaining for about 3 min, the

smouldering was eventually blown off.
8.3.2 Smouldering propagation rate vs. airflow direction

Fig. 8.3 compares the rate of smouldering propagation at different airflow directions. As expected,
the concurrent smouldering propagation is much faster than the opposed propagation, and the trend of
which is essentially the same as flame spread [11]. For example, for a 2.5-mm thick incense, the
smouldering propagation rate is around 1.9 cm/min under a concurrent airflow of 5 m/s, tripling that
under an opposed airflow. In general, the fire spread can be viewed as a continuous ignition process
[9,11]. Thus, its rate is driven by the heat transfer from the oxidation zone (¢'') and resisted by the fuel

thermal inertia (prAhg) [11] as
q"Ly q" Fire driving force

S ppbrcp(Tem —T,)  prAhp  Material resistance (8.1)

where pg, cp, Tem,and Ahp = cp(Ts, — T,) are the fuel density, specific heat capacity, smouldering
temperature, and enthalpy change, respectively. For smouldering fire propagation, the preheated length
(Lp) from glowing char-oxidation zone to the unburnt zone is close to the thermal penetration depth

(87), both of which are the characteristic length of heat conduction in solid fuel [11].
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Fig. 8.3. (a) Comparison of smouldering propagation rate under external concurrent and opposed airflow,
where the markers show the average values and error bars show the standard deviations, and (b) schematic

diagrams of smouldering propagation under concurrent and opposed airflow.
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As illustrated in Fig. 8.3(b), for concurrent smouldering propagation, the airflow can directly attack
the conical reaction front, so partial airflow may permeate into the porous glowing zone in the form of
a Darcy flow. The excessive oxygen supply intensifies the char oxidation and increases smouldering
temperature (see strong incandescence in Fig. 8.2(a)), so a larger preheating flux (¢'") will be conducted
from the reaction front to the preheat zone. In addition, the conical glowing zone may preheat the airflow
boundary layer, which can preheat the downstream unburnt fuel via convection. Both effects of the
concurrent airflow can speed up the smouldering propagation.

In contrast, for the smouldering propagation under opposed airflow, the cool airflow can directly
cool the unburnt zone, reducing the preheating from the hot glowing zone (¢'") to the preheat zone.
Furthermore, the oxygen can only reach the char surface via diffusion of the boundary layer, rather than
the pressure-driven Darcy flow under concurrent airflow. Thus, the oxygen supply is less sufficient,
slowing down the smouldering propagation. The relatively limited oxygen supply of opposed

smouldering is also reflected by a weaker glowing zone in Fig. 8.2(b).
8.3.3 Effect of airflow velocity

Fig. 8.3 also illustrates the effect of airflow velocity on the smouldering propagation rate, where a
similar trend is found for both concurrent and opposed propagations (see more comparisons in Figs.
8.4a-b and 8.5a-b). That is, as the external airflow velocity increases, the smouldering propagation rate
first increases rapidly to the maximum value (O-limited Regime) and then remains constant over a
wide range of airflow velocities (Thermal Regime). Subsequently, the propagation rate slightly
decreases (Chemical Regime) until blow-off, following a similar pattern of concurrent flame spread
[40,41].

In a small-airflow regime, the smouldering temperature increases with airflow velocity, indicated
by a brighter glowing zone. Therefore, oxygen supply controls the smouldering propagation in this
regime, while the cooling effect of airflow is negligible. For example, as the concurrent airflow velocity
increases from 0 m/s to 3 m/s, the rate of smouldering propagation on the 2.5-mm thick fuel
monotonically increases from 0.8 cm/min to 1.6 cm/min. Such an increasing trend is defined as the O»-
limited Regime, referring to the terminology widely used for the opposed flame spread [11,14,17].

For a consolidated fuel, the smouldering propagation could be regarded as a burning or fuel-

regression process, similar to the burning of a candle or the premixed flame [11,15,28]. Therefore, the
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smouldering propagation rate (V;,,) is the same as the regression rate (R) as

17 1!
: mg mq paYox
Vin =R=—=—-=

U, (Oz-limited Regime)  (8.2)

~ pr VPR VpF

where u, is the velocity of internal airflow inside the conical porous char. Its magnitude could be
estimated by the Darcy’s law for the concurrent smouldering or by the diffusion within the boundary

layer for opposed smouldering as

a =2 (L pguz) o :
[ - | — X —
bud p bud \2 paUs P (concurrent)
U, = (8.3)
1 1
hm h N a oc Rez oc (Ua)i ( 4
_m_ =Nu— — & [— oppose
Pa  PaCp d d d

where the Nusselt number changes with flow velocity and diameter as Nu ~ C - Re'/?Pr'/3. For
opposed smouldering propagation, the internal airflow velocity still changes with the external airflow
(Ug,) but is several orders of magnitude smaller than that of concurrent smouldering propagation.
Therefore, the smouldering propagation rate at the O,-limited Regime increases with the airflow
velocity, regardless of the flow direction (see Fig. 8.3a).

Continuously increasing the airflow velocity, the smouldering propagation rate becomes stable. For
example, the concurrent propagation rate on the 2.5-mm thick fuel remains at 2.1 £+ 0.3 cm/min from 7
m/s to 23 m/s in Fig. 8.3(a), regardless of the airflow velocity. In this large-airflow regime, the unlimited
oxygen supply no longer affects the smouldering propagation rate. Instead, the thermal conduction
within the fuel (¢" = Ag(Tsy, — T,)/O7) starts to dominate the smouldering propagation [11]. This
behaviour is similar to the Thermal Regime of the flame spread, where the preheating of flame controls
the rate of flame spread [41,46]. Based on Eq. (8.1), the smouldering propagation rate at the Thermal

Regime is free of oxygen effect and reach the maximum value as

q” AF(Tsm - To)/6T arp .
Vom = Vinax = = ~ — (Thermal Regime) (8.4)
s max PFCF (Tsm - To) PFCF (Tsm - To) 6T

where Ap and ap are the fuel thermal conductivity and diffusivity, and dr is the thermal length

within the fuel. Therefore, the Thermal-Regime smouldering propagation rate is insensitive to the
external airflow velocity.

Further increasing the external airflow velocity, the smouldering propagation rate eventually starts
to decrease. It is because the cooling effect of external airflow (see Fig. 8.3b) on char-oxidation reaction

at the smouldering front can no longer be neglected. Then, the smouldering propagation rate is
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controlled by the competition between smouldering heat release and environmental cooling as
— q;;n — c.Il,(,)ss — pF(sTd’_é#lAHsm B (h’(’)ss
PFCF (Tsm - Ta) PFCF (Tsm - Ta)

where wg,, and AHg, are the rate and heat of smouldering reaction, respectively. Analogous to the

(Chemical Regime) (8.5)

sm

flame spread [11,17], such a smouldering propagation is called the Chemical Regime or the Quenching
Regime [28]. Thus, as the airflow increases, the convective cooling ({;,ss) increases to slow down the
smouldering propagation. Eventually, the cooling rate of airflow exceeds the heat release rate of
smouldering (§/pss > Gem), SO the blow-off or the quenching by airflow occurs (discussed more in
Section 7.3.4). Similar smouldering extinction behaviours were also observed in the quenching by the

cold wall [28] and fuel moisture [24].
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Fig. 8.4 Effect of fuel diameter on the rate of smouldering propagation under (a) concurrent and (b)

opposed airflow, (¢) maximum smouldering propagation rate and (d) blow-off limits.

8.3.4 Smouldering blow-off limits

Table 8.1 and Fig. 8. 4(d) and 5(d) summarize the blow-off limits of both concurrent and opposed

smouldering propagation over incenses with different fuel diameters and densities. Clearly, the blow-
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off of concurrent smouldering propagation is much more difficult than opposed smouldering
propagation. For example, for 2.5-mm thick incense, the blow-off limits of concurrent and opposed
smouldering propagation are 30 m/s and 14 m/s, respectively. As discussed in Section 7.3.2 and Fig.
8.3(b), compared to the smouldering propagation under concurrent airflow, the opposed airflow can
directly attack the preheat zone, thus increasing cooling efficiency on the unburnt fuel. Therefore,
smouldering propagation is easier to achieve blow-off under opposed airflow. Such a trend is also
similar to the flame spread, where the blow-off of opposed flame spread can be achieved in a smaller
wind speed [22].

On the other hand, as shown in Fig. 8.4(d), when the fuel density is 720 kg/m?, as the fuel diameter
increases from 1.5 mm to 5.0 mm, the blow-off airflow velocity (U,,) of smouldering propagation
decreases from 46 m/s to 24 m/s under the concurrent airflow and from 15 m/s and 13 m/s under the
opposed airflow, respectively. Similarly, as shown in Fig. 8.5(d), the blow-off limits of both concurrent
and opposed smouldering decrease as the fuel density increases from 720 kg/m? to 1,100 kg/m® with a

same fuel diameter of 1.5 mm (see more analysis in Section 8.3.5 and 8.3.6).
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Fig. 8.5 Effect of fuel density on the rate of smouldering propagation under (a) concurrent and (b) opposed

airflow, (¢) maximum smouldering propagation rate, V,,,,, and (d) blow-off airflow velocity, U,,.
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More importantly, all the blow-off airflow velocities of smouldering (13-46 m/s) in the present
work are higher than those of flame spread, for example, the concurrent flame spread over thin wire (2
m/s) [40] and thin cellulose (~5.5 m/s) [47], or the opposed flame spread over PMMA rod (~3m/s) [22],
thin paper/PMMA sheet (~1 m/s) [41] and thin cellulose (0.4-1 m/s) [42]. The observed blow-off airflow
velocity of incense is also higher than 7 m/s of the opposed smouldering propagation over fibreboard
[1]. Approximately, the blow-off airflow velocity of smouldering propagation is about one order of

magnitude larger than that of flame spread, so that smouldering is much more persistent than flaming.

Table 8.1. The maximum smouldering propagation rate (V;,,,,) and blow-off airflow velocity (U,, ) over incenses

with different fuel diameters and densities.

Maximum smouldering rate,
Diameter,d Density, Blow-off limit, U,, (m/s)
Vinax (cm/min)

(mm) p (kg/m?)
Concurrent opposed Concurrent opposed
1.5 720 3.2 0.9 46 15
2.5 720 2.1 0.7 30 14
5.0 720 1.2 0.5 24 13
1.5 920 2.1 0.8 37 11
1.5 1,100 1.3 0.6 18 8

8.3.5 Effect of fuel diameter

Fig. 8.4(a-b) further compare the effect of fuel diameter (d) on smouldering propagation under
external airflow. For both concurrent and opposed smouldering propagation, the propagation rate
increases as the fuel diameter decreases, in consistent with the flame spread in the literature where the
fuel characteristic length is smaller than 10 mm [27,48]. For example, under the airflow velocity of 5
m/s, as the fuel diameter increases from 1.5 mm to 5 mm, the concurrent smouldering propagation rate
decreases from 2.1 cm/min to 1.1 cm/min, and the opposed smouldering propagation rate declines from
0.9 cm/min to 0.5 cm/min. Clearly, the maximum smouldering propagation rate also decreases with the
fuel diameter, as further compared in Fig. 8.4(c). From Egs. (8.2,8.3), the internal airflow velocity (u,)

inside the conical porous char is inversely correlated with fuel diameter (d), thus the rate of oxygen
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supply decreases as the fuel diameter increases. As a result, the rate of smouldering propagation
decreases with the fuel diameter, agreeing with the experimental results in Fig. 8.4.

The concept of B number (i.e., Spalding mass transfer number) has been widely used to estimate
the flaming burning rate of liquid droplet fuels and solids [49—52]. The same concept can be adopted in
describing smouldering burning (or propagation). For a cylindrical rod, the smouldering propagation is
two dimensional in axial and radial directions (see the top view of control volume in Fig. 8.6).
Considering the smouldering propagation in the radial direction and the analogy with flaming burning
of droplet [13,50,51] or cylindrical rod [52], the burning flux (1) of incense can also be approximated

as

2
my = C—=1In(1 + B) (8.6)
CFd

where C is a fitting correlation, and B is a constant for a given fuel. Thus, the smouldering rate in the
axial direction is comparable to the observed smouldering rate in the radial direction as
My ap

Ve, =V N —~— 8.7
'sm sm,r P d (8.7a)

which decreases with the fuel diameter [50], agreeing with the experimental results in Fig. 8.4(a-c).
Because of the curvature effect, the conductive heat flux concentrates towards smaller radius. A similar

expression can also be derived from Eq. (8.4), with the diameter as the thermal length (67 = d) as

ar _Qf
bm s Y
T

(8.7b)
As seen from Fig. 8.2, the smouldering front thickness (1) increases as the fuel diameter increases (d).

On the other hand, as discussed in Section 7.3.4, the blow-off limit of smouldering was found to
decrease as the fuel diameter increases (Fig. 8.4d). This trend is opposite to the flame spread, where the
blow-off of a thinner fuel occurs at a smaller airflow velocity and the same critical strain rate (a* =
Uey/d) [22,40]. Therefore, the definition of critical strain rate for blow-off may not be applicable to
smouldering combustion. To explain the influence of fuel diameter on the smouldering blow-off limit
(Uey), a simplified energy conservation equation is applied to the near-limit reaction zone (see the front
view of control volume in Fig. 8.6. At the blow-off extinction limit, the smouldering rate is zero; the
reaction-zone thickness is minimal (Jg,, < d); and the bottom size is already quenched by the large

wind. Then, the heat generation in the oxidation reaction zone is equal to the convective heat loss due

to the airflow (g4 ) and the conduction to the preheat zone (§pyy,q) as
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A
(ﬂddsm)mlolz,maxAHox = (T[dz)(Tsm —Ta) (h + - ) (8.8)

65 m

where the convective heat loss from the side for the thin oxidation zone is neglected, and the oxidation

rate from the side has reached a maximum and can no longer increases with airflow.

o =d~>
/ Reaction :
zone

| Preheat d
zone ; i Vsm

Reaction zone

ey

Top view Front view
(Radial propagation) (Axial propagation)

Fig. 8.6. Schematic diagram of the 2-D (radial and axial) smouldering propagation on a cylindrical fuel and the

main heat transfer processes.

Then, the required convective cooling coefficient (k) can be derived, which also increases with the

increased airflow velocity and the decreased fuel diameter, as

N =

Csm /1F Aa (Uex>
h = — = Nu— — 8.9
d o, "*a 4 (8.9

where Cgp, = Ssm™Mo, maxBHox/(Tsm — Tg) is a smouldering constant. Thus, the dependence of

blow-off airflow velocity with fuel diameter can be expressed as

Cin  Ar )2 1
— — 1
4 5. o 7 (8.10)

Uex oc

Therefore, as the fuel diameter (d) increases, the required external airflow velocity to blow off
smouldering fire decreases, agreeing with experimental results in Fig. 8.4(d). Note that if the fuel
diameter further decreases below 1 mm, the strong wind may easily break and remove the smouldering
zone. Then, the extinction is no longer a blow-off but a fuel-removal, which needs further experimental
verification.

8.3.6 Effect of fuel density

Fig. 8.5(a-b) also shows the effect of fuel density on the concurrent and opposed smouldering

propagation rate, where the maximum rate of smouldering propagation was further compared in Fig.
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8.5¢c. As expected, as the fuel density decreases, the smouldering propagation rate increases, agreeing
with the theoretical analysis of Egs. (8.1) and (8.2) where the maximum propagation rate is inversely
proportional to the fuel density (V;,,, < 1/pFr). For example, as the fuel density increases from 720 to
1,100 kg/m? under the wind velocity of 10 m/s, the smouldering propagation rate decreases from 2.1
cm/min to 1.3 cm/min for the concurrent spread and from 0.9 cm/min to 0.5 cm/min for the opposed
spread, respectively.

As the fuel density of porous medial increases, the thermal conductivity increases (Az < pg), so
that the heat conduction from reaction zone to the preheat zone also increases. For the blow-off limit in

Eq. (8.9), we have
Csm AF

d bsm

Uew o d ) ~(-a~Cp) (8.11)

which decreases with the thermal conductivity and density of fuel. Thus, the required blow-off airflow

velocity decreases as the fuel density increase, agreeing with the experimental results in Fig. 8.5(d).
8.4 Conclusions

In this chapter, we use experimental approaches to investigate the smouldering propagation and
blow-off over cylindrical incenses under concurrent and opposed external wind up to 50 m/s. There are
no experimental data on the smouldering propagation at large wind speeds over 10 m/s and the blow-
off limits of persistent smouldering fire before this study. For concurrent smouldering propagation,
partial airflow may permeate into the porous glowing zone in the form of a Darcy flow, while the oxygen
can only reach the char surface via diffusion for opposed smouldering propagation. Also, the conical
glowing zone may preheat the concurrent airflow boundary layer to preheat the downstream unburnt
fuel, which further promotes the concurrent smouldering propagation faster than the opposed
propagation.

We also found that the smouldering propagation rate is very sensitive to the airflow rate. As external
airflow velocity increases, the smouldering propagation rate first increases (O-limited Regime), and
then remains stable at its maximum value for a wide range of airflow velocity (Thermal Regime).
Afterwards, it slightly decreases (Chemical Regime) until blow-off. Comparatively, the flame-spread
rate increases with the wind speed due to increased convective heating rather than increased oxygen
supply. This is a significant difference between smouldering and flaming spread, because smouldering

combustion is controlled by both oxygen supply and heat loss.
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We report for the first time that the blow-off airflow velocity of smouldering propagation (13~46
m/s) is around one order of magnitude larger than that of flame spread, and it decreases as the fuel
diameter or density increases. Blowing-off concurrent smouldering propagation is also more difficult
than opposed propagation, similar to the blow-off of flame spread. Future numerical simulations are
needed to reveal the underlying physical and chemical process of smouldering propagation and blow-

off under different airflow velocities.
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CHAPTER 9: Extinction Limit of Smouldering Peat Fire under Rainfall

Summary:

Smouldering wildfire in peatlands contributes significantly to global carbon emissions and regional
haze events, which is one of the largest and most persistent fire phenomena on Earth. Here we assess
the underlying mechanism of rain in suppressing the smouldering peat fire in the shallow soil layer up
to 15 cm deep through laboratory experiments. We show that the minimum rainfall intensity to
extinguish the peat fire is roughly 4 mm/h, so that the persistent light rain cannot suppress such
smouldering wildfire. The required rain duration, A¢ (min), for extinguishing smouldering peat fire
decreases with the rainfall intensities, / (mm/h), as log;¢ At = —1.151og;, [ + 3.3, and is much longer
than that for extinguishing flaming wildfire. We also identify that the required rainfall depth for
extinguishing peat fire gradually decreases with the rainfall intensity and approaches a minimum value
of 13 mm under violent rain. As rainfall intensity increases, the carbon emission flux from peat fire
decreases. Therefore, we conclude that the short-term violent rain is most effective for suppressing the
persistent smouldering peat fire. This research helps evaluate the impact of weather on the development
of peat fire and improve the prediction of carbon emissions from peat fire with the use of regional
weather models.

This Chapter is based on “S. Lin, Y. K. Cheung, Y. Xiao and X. Huang (2020) Can Rain Suppress
Smouldering Peat Fire? Science of the Total Environment 727: 138468. doi:
10.1016/j.scitotenv.2020.138468” and “S. Lin and X. Huang (2020) An Experimental Method to
Investigate the Water-Based Suppression of Smouldering Peat Fire. MethodsX 7: 100934. doi:

10.1016/j.mex.2020.100934”.
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9.1 Introduction

Peatlands are important ecosystems in the boreal and tropical regions, which not only support the
biological diversity for a wide range of wildlife habitats but also store 25% of the planet’s terrestrial
organic carbon, i.e., approximately the same mass of carbon that is in the atmosphere [1,2]. Peat fire is
the driving phenomenon of wildfire in peatlands, such as those that cause widespread destruction of
ecosystems and episodes of haze in South Asia, North America, and north-east Europe [3—6]. Peat fire
is one of the largest and longest-lasting fire phenomena on Earth, and it can sustain for months and even
for years despite extensive rain, weather changes, or fire-fighting attempts [7]. Recently in September
0f 2019, large deposits of peat in Kalimantan and Sumatra were ignited and burned for several months,
covering Indonesia and nearby countries with haze and causing the cancellation of enormous flights
due to poor visibility [8]. Moreover, the annual release of ancient carbon from peat fires is
approximately equivalent to 15% of human-made carbon emissions [3,5,9-12].

Peat fire is dominated by smouldering, a slow, low-temperature, and flameless form of combustion
[13,14]. Smouldering peat fire is different from regular flaming wildfire in its chemistry, transport
processes, and time scales [15]. Peat can hold a high water content to prevent the ignition, but natural
or anthropogenic-induced droughts can increase the risk of peat fire [5,16]. The ignition source for peat
fire can be natural, such as lightning, flaming wildfire [17], self-heating [18], and volcanic eruption, or
anthropogenic, such as deforestation, poor land management, accidental ignition, and arson [7]. Most
recent peat fires were initiated on the surface by the flaming wildfires. The probability of ignition
depends on the moisture content, mineral content, and other physicochemical properties [13,17-20].
Once ignited, smouldering fire can easily burn out an organic soil layer of more than 50 cm deep over
an extensive area [7,11,21,22].

Fundamentally, three approaches can be used to extinguish the fire, that is, burnout, smothering,
and cooling [23]. For peat fire, burnout of peat soils is unacceptable since it will severely destroy the
essential peatland resources and ecosystem, as well as release a significant amount of toxic and
greenhouse gases into the atmosphere [5,24,25]. Smothering is to extinguish the fire by removing or
reducing oxygen. However, peat fire can be sustained in an extremely low oxygen concentration [26,27],
and there is neither a natural mechanism nor a manmade technique to prevent the diffusion of oxygen
into the soil layer in the field scale. Therefore, quenching the peat fire by different cooling methods is

the only practical approach, and water is the most widely used cooling agent in firefighting efforts. In
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reality, peat fire can also be quenched under several conditions, (i) the presence of an inorganic soil
layer; (ii) the presence of a thick wet soil layer; (iii) the suppression of heavy continuous rains, and (iv)
active firefighting [7,28]. However, compared with extensive studies on the ignition and development
of peat fire, very few studies are available on how to extinguish these smouldering wildfires.

Because of the persistence of peat fire, a short-term man-made water spray is not able to stop the
fire spread [29]. Compared to flaming wildfire, smouldering wildland fire require at least 50% more
water to extinguish the same amount of burning fuel [7]. Some chemical foaming agents can easily
penetrate into peat soil and shield the burning peat particles from the oxygen supply [30], but the
required quantity to suppress any real peat fire is enormous. In fact, limited trials in the literature have
demonstrated the ineffectiveness of all man-made suppression methods in controlling or extinguishing
any massive peat fire [29,31,32]. On the other hand, the authors have identified a research gap
surrounding the natural suppression of peat fire by rain.

Rain is a crucial part of the Earth's water cycle [33,34], and it may decelerate the wildfire spread
by wetting the fuels and even directly extinguish the flame [35]. For the recent wildfire in Amazonas,
Brazil, the burning area decreased significantly when the regional rainfall increased [36]. Although the
suppression effect of rain on smouldering wildfire is still mostly unknown, it is hypothesized that the
rain droplets can penetrate into the burning peat layer, and if the rainwater can overcome the combustion
heat, eventually peat fire can be quenched. Nevertheless, if the peat fire was not entirely extinguished
by rain, re-ignition could happen after an extended time, especially when the drought season arrives
[29,37]. Thus, it is necessary to thoroughly explore the effectiveness of rain in suppressing peat fire and
identify the critical rainfall intensity and depth.

Herein, well-controlled experiments were conducted to explore the possibility of the suppression
of smouldering peat fire by rain. Rainfall intensities (I) of ‘light (< 2 mm/h),” ‘moderate (2-10 mm/h),’
‘heavy (10-50 mm/h),” and ‘violent (>50 mm/h)’ were tested up to 400 mm/h. The required rainfall
duration (At), rainfall depth (d), as well as, the mass loss per unit area of peat sample (Am,)) and carbon
emissions of peat fire (Am) under different rainfall intensities were analyzed in detail. The minimum

rainfall intensity (I,,;,) and rainfall depth (d,;,;,,) to extinguish the peat fire was also quantified.
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9.2 Materials and Methods
9.2.1 Peat soil sample

The organic-rich moss peat soil (Fig. 9.1) tested in the experiment came from the Netherlands, and
it had an organic matter of about 96%. The bulk density of oven-dried peat was measured to be 145
kg/m? (£5%). The peat sample had an open-pore structure and an overall porosity of about 0.90. The
element analysis for the peat organic matter showed 44.2/6.1/49.1/0.5/0.1% mass fraction for
C/H/O/N/S, respectively [17]. Because peat soils could become hydrophobic under a high-temperature
drying process [38—40], all peat samples were dried in an oven at a constant temperature of 40 °C, which
is close to the ambient temperature of tropical regions in the dry season. During the drying, the weight
and moisture content of peat were measured every 1 h until its moisture content was close to 50 + 5%,
and its (wet) bulk density reached 218 + 10 kg/m?>. The peat sample was similar to the natural drought
condition found in previous work [17,20,41]. Afterward, samples were stored in the sealed boxes for
homogenization. Before the experiment, the subsample of peat was collected and dried to ensure the

value of sample moisture content.
9.2.2 Initiation of peat fire

The peat sample was placed in a mesh basket of a cylindrical shape with a diameter of 100 mm and
a height of 150 mm (Fig. 9.1). During the filling-in process, the peat samples were shaken to ensure the
bulk density of moist peat was close to 218 kg/m?, and the sample mass was 256 + 5 g.

For ignition, an 8-cm long coil igniter (Cr2oNigo) was placed 5 cm below the top free sample surface
to start the smouldering peat fire. The ignition power was fixed to 60 W for 60 min to initiate a robust
peat fire [29]. The temperature profiles of peat at 0 cm (surface) and 5 cm, 10 cm and 15 cm below the
top surface were carefully monitored using armored K-type thermocouples with 1-mm probe diameter.
After ignition, the basket of peat sample was placed into a larger cylindrical mesh basket with a diameter
of 200 mm and a height of 150 mm. In order to simulate the natural state and mimic a real boundary
condition, the space between two baskets was filled with unheated peat soils. Afterward, the entire setup

was left to burn and self-stabilize for another 30 min before the start of rain suppression.
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Fig. 9.1. Experimental materials and setup. Photo of peat soil sample for smouldering fire suppression test

and the illustration of rain suppression simulated by a sprinkler system and rainfall intensity distribution.

9.2.3 Simulated rain

The simulated rain-suppression experiments were conducted in a wet chamber with an area of 6 m
x 10 m and a height of 3.5 m. The artificial rain was produced by a water sprinkler system that included
a sprinkler nozzle, a pressure gauge, and a valve, as illustrated in Fig. 9.1. The vertical distance between
the nozzle and the sample surface was fixed to 2.5 m. The median water droplet diameter depends on
the water pressure, sprinkler orifice diameter, and the surface tension of the air-water interface (0.073
N/m). The value of the median water droplet diameter was calculated to be about 1.5 mm, which is
within the range of typical raindrop sizes [42]. Therefore, the simulated raindrop size in this experiment
is close to the natural rain. With the sprinkler spray, the intensity of simulated rainfall changed with the
location. Thus, the distribution of rainfall intensity (Fig. 9.1) was measured by multiple cylindrical
containers (with a diameter of 10 cm and a height of 15 cm) at the interval of 20 cm. Given a fixed
rainfall duration (At = 10 min), the local rainfall intensity can be calculated by measuring rainfall
depth (d) as I = d/At. Then, the desired rainfall intensity can be achieved by placing the burning
sample at a specific location.

9.2.4 Experiment procedure

The rain-suppression experiments were conducted to determine the required rainfall duration (At),

155



rainfall depth (d), as well as, the mass loss per unit area of peat sample (Am,,) and carbon emissions of
peat fire (Am¢) under different rainfall intensities. After igniting the peat fire for 60 min and stabilizing
the burning for another 30 min, the sprinkler system was activated for a prescribed duration.

Unlike the suppression of a flame, it was not possible to instantaneously determine by visual
inspection whether the smouldering peat fire was extinguished or not [29]. Thus, after the artificial
rainfall, the sample was left for another 24 h to determine if the peat fire survived or not. If the
temperatures inside the sample re-rose above 250°C, i.e., the minimum smouldering temperature of peat
[17], and the peat sample eventually burned out, the fire-suppression was considered as a failure. Then,
experiments were continued with fresh peat samples under a longer rainfall duration until the critical
rainfall duration and depth were found.

For the extinguished peat fire, the sample residue was oven-dried at 100 °C for 48 h to obtain the
end dry mass (m,). The mass loss quantified the carbon emissions of peat fire under different
suppression activities. To measure the mass loss during fire suppression, the initial sample mass (m;)
after the 90-min ignition and burning stage was first measured. After the initial burning stage, the sample
was immersed into 8-L water for quick extinction, and then dried in the oven to obtain m,;. Thus, the

burning mass flux of peat (Am,, in kg/m?) under different rainfall intensities is
m; —Mme

Amy = Y

(9.1a)

where A = 8x107 m? is the cross-section area of the cylindrical peat sample. For this peat soil, the
mass fraction of carbon is around 44% [17,43], so that the carbon emissions (Am¢ in kg/m?) can then
be estimated as

Amg = 44%Am;, (9.1b)
Note that CO,, CO, CH4, and NH3 are the four major gas species emitted from peat fire [25].
Comparatively, CO, and CH4 are the dominant greenhouse gases, but CO and NH3 are toxic gases and
can impact the atmosphere through the photochemical process [25,44].

9.2.5 Control experiments

The baseline experiment of peat fire was conducted without any rain suppression, so that the
burning characteristics were compared with those with different levels of rain suppression. To compare
the required rainfall duration for extinguishing smouldering and flaming wildfires, the rain-suppression

experiment for flaming wood cribs fire was also conducted. The wood crib was made of cylindrical
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wood rods with a length of 8 cm and a diameter of 1 cm [45], which aimed to mimic the common
flaming fire on twigs and was similar to past studies [46]. The flaming wood crib had a burning area
similar to the smouldering peat fire, thus, ensuring fair comparison. The wood cribs were ignited by a
lighter for 1 min, followed by 1 min of self-burning before the artificial rain suppression. The
extinguishing limit of the flaming wood crib was determined in the same way as those of the
smouldering peat fire.
9.3 Results and Discussion
9.3.1 Effective of fire suppression by rain

The effectiveness of rain of different intensities on suppressing peat fire is quantified against the
rainfall duration (At), rainfall depth (d), mass loss of burning peat (Am,), and carbon emissions per
unit area of peat fire (Am.) in Fig. 9.2. We found that the minimum rainfall intensity (I,,;,) to be
roughly 4 mm/h (Fig. 9.2a), below which the peat soil could completely burnout like those without any
rain suppression. Therefore, the smouldering peat fire may not be suppressed by a light rain regardless
of the rainfall duration. Moreover, as expected, the required suppression duration decreases with
increasing rainfall intensity [47].

For example, when the rainfall intensity increases from 30 mm/h to 100 mm/h, the required
suppression duration decreases from 40 + 3 min to 10 £ 1 min. An empirical correlation between the

suppression duration and the rainfall intensity can be formulated as
10g10 At = _115 10g101 + 3.3 (92)
where common units of min for At and mm/h for I are used. The logarithm with base 10 is used in

fitting with the R? coefficient of 0.99, and excellent linearity is shown in Fig. 9.2b.

Figure 9.2a further compares the required suppression duration between the smouldering peat fire
and flaming wood-crib fire. Under the same rainfall intensity, the suppression duration of smouldering
peat fire is much higher than that of flaming wood crib fire. For example, when the rainfall intensity is
around 125 mm/h, the required suppression duration for smouldering peat fire is about 7 min, while for
flaming wood crib fire, only 20 s is required for extinguishing the flame. For peat fire, the water in fuel
beds tends to find the path of least flow resistance [32,48], and the peat soil becomes hydrophobic after
high-temperature heating from the smouldering combustion [38,49,50]. Therefore, it is more difficult
for rainwater to arrive and remain in the underground burning zone. In contrast, for the flaming wood

crib, raindrops can reach and cool the burning wood more directly and effectively. An empirical
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correlation for rain suppression of the flaming wood-crib fire, log;q At = —logo I + 1.9, can also be
obtained, where the R? coefficient was found to be 0.92. The minimum rainfall intensity to suppress
the flaming wood-crib fire was identified as about 12 mm/h (i.e., a heavy rain), which was much larger
than 4 mm/h found for the smouldering peat fire. Because the power or heat release rate of flaming fire
is much greater than that of smouldering fire, greater threshold for rainfall intensity is expected to
suppress a flame.

As shown in Fig. 9.2¢c, once the rainfall intensity exceeds I,,,;, (4 mm/h), the required rainfall
depth also shows a negative correlation with the rainfall intensity, following a similar trend of required
rainfall duration in Fig. 9.2a. In particular, when the rainfall intensity increases from 30 + 1 mm/h to 40
+ 2 mm/h, the rainfall depth decreases from 19 + 1 mm to 17 £ 1 mm. More importantly, when the
rainfall intensity further increases, the rainfall depth gradually approaches a critical value (~13 mm) for

the violent rain, which can be defined as minimum rainfall depth (d,;y,)-
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Fig. 9.2. Limiting conditions for extinguishing smouldering peat fire by rain. (a) The rainfall intensity vs.
duration, (b) base-10 logarithm of suppression duration, (¢) rainfall depth, (d) minimum mass loss of dry peat

and carbon emissions, where the error bars show the standard deviation.
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Figure 9.2d compares the mass loss of peat per unit area after successful suppression. As expected,
the burning mass loss of peat decreases with the increase in rainfall intensity, indicating that more peat
soils were consumed under lighter rain. For example, when the rainfall intensity increases from 30
mm/h to 100 mm/h, the mass loss decreases from 2.4 + 0.6 kg/m? to 0.9 = 0.3 kg/m?. When the rainfall
intensity is very small, rainwater will be quickly evaporated by the hot smouldering fire, and the
rainwater cannot penetrate the burning zone, resulting in a maximum mass loss [29]. With a heavier
rain, the burning zone is slowly penetrated and cooled by rainwater, meanwhile the smouldering fire
continues to spread downward and burn out more fresh soil. With a violent rain, raindrops can flush
over the soil layer to immediately extinguish the fire and minimize the burning of peat (see more details
in Fig. 9.3). Figure 9.2d also estimates the corresponding carbon emissions per unit area from peat fire
under different rainfall intensities, considering that the carbon content of this peat is about 44%. With
the correction of rainfall influence, the prediction of carbon emissions from the peat fire can be

improved and combined with the regional wildfire weather model [51].
9.3.2 Peat fire behaviours under rain suppression

Baseline experiments were conducted to determine the burning characteristics of the smouldering
peat fire without the influence of rain. Once the peat was ignited and started to spread downward, a thin
black char layer was formed on the free surface, which did not convert into white ash. The black char
layer has also been observed in the field, because of large heat loss to the environment [22]. Below this
thin char layer, there was a white ash layer as the char was further oxidized [37].

Figure 9.3a shows a group of thermocouple measurements of the baseline experiment, where the
typical smouldering spread over a 15 cm-deep sample lasted for about 6 h. During the forced ignition
by the coil heater, the temperature near the ignition zone (i.e., T.5., at5 cm below the free surface)
first increased and then remained stable at around 100 °C, indicating the robust on-going process of
water evaporation. After a short period of drying, T.s.,, rapidly increased to a peak of around 500 °C.
Once the coil igniter was off, Ty .m (10 cm below the surface) first dropped but soon increased again,
indicating that the smouldering fire becomes self-sustained [22]. Meanwhile, both Ty and T,
decreased due to burnout, and the thermocouple started to record the gas temperature, showing a high-
frequency fluctuation. Figure 9.3b show the temperature evolution of peat fire under a rainfall intensity

of 3 mm/h for more than 500 min. Despite of some fluctuation, the temperature evolutions are similar
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to the baseline measurement, and the entire 15-cm deep peat was burnout before the rain stops. In other
words, a rainfall of 3 mm/h cannot suppress the smouldering peat fire.

Figure 9.3c-d compares the temperature evolutions of peat fire under a rainfall intensity of 35 mm/h
(i.e., heavy rain) for 20 min (failed suppression) and 50 min (successful suppression). To better analyse
the burning and suppression processes, we divided the temperature profile into three stages: (I) ignition
and burning, (II) rain suppression, and (IIT) outcome. After the forced ignition for 60 min and following
self-sustained burning for another 30 min, the surface of the peat sample shrank, exposing the
thermocouples (T, and T, ). Once the simulated rain was activated (Stage II), those exposed
thermocouples were directly cooled by raindrops to the ambient temperature. In the early stage of rain
suppression, due to the intense water evaporation in the burning zone and the absorption of peat soils
in the upper layer, it was difficult for raindrops to penetrate to deeper regions, so the decrease of T_1¢ ¢
was small. For the same reason, the temperature at the bottom (T;5 .,) €ven increased initially.

For the failed fire suppression (Fig. 9.3c) after raining for 20 min, the visible white smoke was
likely water vapor, because the measured temperature was still higher than 200 °C. It was not possible
to immediately determined by visual inspection whether the peat fire was suppressed or not, so that the
in-situ detection of real underground peat fire remains a great challenge [37]. With thermocouple
readings, we found in Stage Ill the T.,¢., first fluctuated shortly, and then showed a sudden increase
to above 500 °C, indicating a failed fire suppression. Despite the top peat layer that was wetted and
extinguished by rain, they would be soon re-ignited. Eventually, the entire peat sample was burnout like
the base case in Fig. 9.3a, except that the burning duration increased to about 500 min. Note that a short
rain duration can still wet the peat and slow down the fire spread, although it may not extinguish the
peat fire. Therefore, after rainfall, human firefighting effort will become more effective to extinguish
the persistent peat fire completely.

For the successful fire suppression (Fig. 9.3d), white smoke was also observed from peat after
raining for 50 min. Afterward, despite some fluctuations, T ;q., gradually decreased to ambient
temperature, and re-ignition did not occur, because the minimum temperature for igniting smouldering
peat fire of about 250 °C [17] was not reached. Considering the self-ignition risk of peat [18], peat fire
cannot be fully extinguished unless the sample temperature profile is lower than the self-ignition point.
It is recommended that the suppression effort should be extended until the measured sample temperature

was below 80 °C [29]. Setting a more sophisticated criterion for the successful suppression of peat fire
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needs more lab and field experiments.
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Fig. 9.3. Temperature measurements of the baseline and rain-suppression fire experiment, (a) baseline
experiment, (b) failed fire suppression with rainfall intensity of 3 mm/h for more than 500 min, (c) failed fire
suppression with rainfall intensity of 35 mm/h for 20 min, and (d) successful fire suppression with rainfall

intensity of 35 mm/h for 50 min.

9.3.3 Minimum rainfall intensity for extinguishing

For rainfall intensity lighter than 4 mm/h, the smouldering peat fire behaviour is similar to that
without rainfall, as compared in Fig. 9.3a-b. In other words, the rainwater will be directly evaporated
by the hot burning zone on the surface layer (Fig. 9.4a), so that raindrops are not able to penetrate
through the burning zone regardless of rainfall duration. As the rainfall intensity reaches the level of
moderate and heavy rain (4-50 mm/h), the rainwater starts to penetrate and cool the burning zone (Fig.

9.4b). Thus, as the rainfall intensity increases, the required suppression duration and rainfall depth, as
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well as the carbon emissions are reduced. For a violent rain (>50 mm/h), a large amount of rainwater
quickly flushes over and cools down the burning soil layer, and eventually quenching the smouldering
peat fire (Fig. 9.4c). With the extinction limits obtained in Fig. 9.2, it is possible to identify the
effectiveness of rainfall in suppressing peat fire in situ, evaluate the probability of re-ignition after rain,
and provide more information to guide the follow-up human firefighting activities.

Raindrops Raindrops Raindrops
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»
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Fig. 9.4. Different modes of rain suppression. (a) Light rain where all raindrops are evaporated by the
smouldering peat fire, and (b) moderate and heavy rain where raindrops penetrate to the burning zone, and (c)

violent rain where the rainwater flushes through the burning zone.

To scientifically understand the suppression limit of the peat fire, the minimum temperature to
sustain the smouldering peat fire (T,,;, = 250 °C) is defined [17]. Below this threshold or ignition
temperature, the exothermic char-oxidation reaction becomes too weak to overcome the environmental
cooling and maintain the peat fire. Then, an energy-conservation equation is proposed to explain the
process of rain suppression. At the extinction limit, the heat released from the smouldering fire zone
(Qf) during rainfall and the extra thermal energy stored in peat (Qr) should be able to evaporate all

raindrops (Q,,) as

Qf + Qr = Qey (9:3a)

which can be further expressed as

1y AHgy At + 861 pp Cp (Tsm — Tonin) = dpwAH,, (9.3b)
where 1, is the burning flux of peat fire, p,, is the dry peat density, AH,, is the heat of smouldering
combustion, &gy, is the thickness of the smouldering reaction zone, ¢, is the specific heat of peat,
T 1s the instant smouldering temperature, Ty, is the minimum temperature for smouldering fire,
d is the rainfall depth, p,, is the water density, and AH,, is the overall heat of vaporization of water.

The minimum rainfall intensity (I,;,;;,) occurs when the rainwater only balances the heat release
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without weakening the burning zone (Q, = Q,y), as shown in Fig. 9.4a. Otherwise, the burning zone

will become smaller and eventually extinguish. Thus
1y, AHg, At = dp,,AH,), = Iy Atp,,AH,, (9.4a)

By reorganizing, the minimum rainfall intensity (/5 cq;) can be calculated as
m, AH
Imin,cal = ﬁ (9'4’b)
where m;, =0.2g/(m*s"), p,,=1000kg/m’ and AH,, = c,, (T, — T,) + AH,,, =2.4MJ/kgare found
from the literature [17,22]. The calculated minimum rainfall intensity is 3.3 mm/h, close to the
experimental measurement of 4 mm/h.

9.3.4 Minimum rainfall depth

Once the rainfall intensity exceeds the minimum value, the extra rainwater will start to penetrate
and wet the burning fire zone (Fig. 9.4b). With [,,;,, Eq. 9.3b can be expressed as
8smPpCp(Tsm — Tmin) = (I — Iyin) Atpy, AH,, (9.5a)

Then, we can estimate the required rainfall depth (d) given a rainfall intensity (/)
I

d=g¢ (9.5b)

I'=ILnin
where @ = 84 ppCp (Tsm — Trnin) /(PwAH,,) is a constant for the given peat soil. Therefore, the
required rainfall depth decreases with the increasing rainfall intensity, agreeing with Fig. 9.2c.

When the rain becomes violent (I > 50 mm/h), the required suppression duration is very short
(At = 0), and the temperature of rainwater will not increase to 100 °C to trigger massive evaporation
(see Fig. 9.4c). Thus, both the chemical energy and water evaporation can be neglected. Then, a

minimum amount of rainwater (d,,,;,,) is required to directly quench the burning zone (Qr = Q,,,) as
6smppcp (Tsm - Tmin) = dminpwcw(Tw - Ta) (9.6a)
where T, is the temperature of rainwater after flushing through the burning zone. Therefore, the

minimum rainfall depth can be expressed as

o) Cp(Tom — Toni
i = 2222 s min) (9.6b)

Given that 8y, =~ 0.1 m, p, = 145 kg/m’, and Ty, = 400 °C measured from experiments [20,22],
as well as, literature values of ¢, = 4.2 kl/(kg'K), ¢, = 2 kl/(kg'K) and Ty, = 250 °C [17], and
Ty max = 100 °C, we can then calculate the upper limit of minimum rainfall depth to be 15 mm, which
also successfully explains the experimental measurement of 13 mm.

Note that current fire-suppression experiments are conducted for the peat fire in the shallow soil
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layer up to 15 cm deep, which is the first step to understand the effectiveness of rain and other water-
based strategies in suppressing peat fire. The peat fire in the field can also survive in the deep soil layer
[7,37]. These deep underground peat fires can be more difficult to suppress, requiring a longer rainfall
duration and a larger rainfall depth. Therefore, more experiments will be conducted in the future to
investigate rain suppression of deep underground peat fire with larger-scale field experiments, where

the fire-suppression effectiveness by the varied rainfall scenarios will be explored.
8.4 Conclusions

In this research, we assess the underlying mechanism of rain in suppressing the peat fire in the
shallow soil layer up to 15 cm deep through laboratory experiments. The minimum rainfall intensity to
extinguish the peat fire is found to be roughly 4 mm/h, so that the persistent light rain cannot extinguish
such smouldering wildfire. The required rainfall duration, Az (min), for extinguishing peat fire decreases
with the rainfall intensities, / (mm/h), as log;o At = —1.15log o[ + 3.3. For example, for a heavy rain
of 30 mm/h, it takes at least 40 min to extinguish the smouldering peat fire near the ground surface.
Such a required rainfall duration is much longer than that for a small flaming wildfire (log,o At =
—logyo ! + 1.9).

We also identify that the required rainfall depth to extinguish the peat fire gradually decreases with
the rainfall intensity and approaches a minimum value of 13 mm under violent rain. As rainfall intensity
increases, the carbon emission flux from peat fire decreases. Therefore, the short-term violent rain is
most effective for extinguishing the persistent peat fire. This research helps evaluate the impact of
weather on the development of peat fire and improve the prediction of global carbon emissions from

peat fire with the use of regional weather model.
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CHAPTER 10: Climate-Induced Arctic Peatland Smouldering Fire and Carbon Loss

Summary:

Boreal peatlands are increasingly vulnerable to wildfires as climate change continues accelerating.
Fires consume substantial quantities of organic soils and rapidly transfer large stocks of terrestrial
carbon to the atmosphere. Herein, we quantify the minimum environmental temperature that allows the
moist peat to smoulder, as the fire threshold of peatlands. We then apply a typical vertical soil
temperature profile to estimate the future depth of burn and carbon emissions in boreal peatland fires
under the impact of global warming. If the boreal region continues warming at a rate of 0.44 °C/decade,
we estimate that the carbon loss from the boreal peat fires on a warmer soil layer may increase from
143 Mt in 2015 to 544 Mt in 2100 and reach a total of 28 Gt in the 21* century. If the global human
efforts successfully reduce the boreal warming rate to 0.3 °C/decade, the peat fire carbon loss would
drop by 21% to 22 Gt in the 21* century. This work helps understand the vulnerability of boreal peatland
to more frequent and severer wildfires driven by global warming and estimate climate-induced carbon
emissions from boreal peatland fires in the 21 century.

This Chapter is based on “S. Lin, Y. Liu and X. Huang (2021) Climate-induced boreal peatland
fire and carbon loss in the 21" century. Science of the Total Environment 796: 148924. doi:

10.1016/j.scitotenv.2021.148924”
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10.1 Introduction

Climate change is accelerating, and its effects are deteriorating as man-made greenhouse gas
emissions continue rising [1,2]. In the Arctic and boreal (subarctic) region, the ambient temperature has
increased a warming rate of ~0.44 °C/decade [3]. As the environmental conditions become more
favourable for wildfires, the boreal region has suffered from its worst wildfire season and the longest-
lasting burning duration [4,5]. Unlike the burning of trees and shrubs in lower-latitude regions, a
significant portion of boreal wildfires is in the form of flameless burning or smouldering of organic
soils and permafrost in peatlands [6]. Wildfire is a climate-sensitive process that may rapidly transfer
large stocks of terrestrial carbon to the atmosphere [7,8], representing positive feedback that accelerates
climate warming as projected by Earth System Models [9].

Peatlands are integral parts of boreal landscapes in the northern hemisphere, occupying roughly
4x10% km? of Earth land [42], with around 480 Gt of carbon stored in terrestrial soils [10]. Peat consists
primarily of partially decayed vegetation accumulated on the Earth surface under acidic, anaerobic, and
close to water-saturated conditions [11]. Pristine peatlands or permafrost in the boreal region may hold
a large amount of soil water, and their low temperature also restricts the direct burning of soil [12—14].
However, global warming has already led to changes in the fire regime [10]. In the permafrost peatland
regions, climate change deepens the active layer [15] and makes previously frozen organic matter

available to microbial decomposition [16], promoting more frequent peatland fires [17].

The upper peat layer is most vulnerable to ambient condition and often has a high burn severity
during wildfires [18]. During the fire season, the upper soil layer becomes warmer under a higher
ambient temperature, so the upper soil layer temperature decreases with depth [19]. Once ignited from
the top surface, the smouldering fire starts to propagate downwards until the deeper soil layer is colder
and wetter than the fire threshold. The smouldering fire threshold of peat has been an emerging research
topic, and the critical influencing factors include oxygen concentration [20,21], moisture content [21],
inorganic content [22], and fuel configurations [23,24]. Although it has been argued that the frequency
and severity of wildfires in the boreal region have been increasing as a result of global warming [17],
there is still not enough quantitative data on such a trend [25-27]. Several Earth-system models have
been applied to predict the carbon loss from the arctic and boreal regions under global warming [28],

but the impact of peatland fires is rarely included. Therefore, it is urgent to understand the fire severity
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in the arctic and boreal peatlands and the associated fire carbon emissions under different global
warming scenarios.

In this work, we interpret the peat fire threshold as a function of the minimum environmental
temperature vs soil gravimetric moisture content (MC). Afterwards, based on the field measurement of
the vertical soil temperature profile in the boreal peatland of Alaska [29], this fire threshold will be used
to estimate the depth of burn (DOB) in boreal peatlands. We then further project the carbon emissions
from the boreal peatland fires under different global warming scenarios in the 21 century. This research
aims to explore how global warming has deteriorated the fire hazards in arctic and boreal peatlands and

how this process will give feedback to climate change and impact the Earth ecosystem.

10.2 Experimental methods
10.2.1 Peat soil collection

The properties of boreal peat soils may vary with the time, space and depth with huge variabilities
and uncertainties. Therefore, a moss peat sample from Estonian boreal forest with high organic content
(>97%), uniform density and homogenous particle size was selected as the typical boreal peat soil (Fig.
10.1) [12,30]. Such high-organic content peat soil has the highest smouldering fire risk, thus defining
the worst peat fire scenario [24]. The estimation based on this kind of high-organic peat may provide
an upper limit of global carbon loss from boreal peat fires.

The peat soil was first oven-dried at 90 °C for 48h, and the oven-dried bulk density was 145 kg/m?.
Afterwards, the oven-dried peat soil was thoroughly mixed with the corresponding water to obtain the
desired gravimetric moisture contents [12,30]. For example, 1 kg of dry peat, by mixing with 1 kg of
water, produced 2 kg of wet peat of 100% MC. The mixed peat samples were stored inside a sealed box
for homogenization naturally for at least another 48 h before the fire test [31]. As the thoroughly dried
peat (i.e., MC < 10%) was rare in nature, the targeted MCs for fire tests varied from 25% to 150%, with
an interval of 25%.

For each test, the 1.5 L peat sample was placed inside a smouldering reactor that had an inner cross-
section area of 10 cm X 10 cm and a height of 15 cm (Fig. 10.1). The reactor was made of 1-cm thick
ceramic insulation boards, and its outer surface was covered by several thin layers of aluminium foil to
prevent gas leakage and limit the radiative heat loss [31]. In the process of filling the peat soils into the

reactor, the moist sample was consolidated to ensure the dry bulk density fixed to 145 kg m™, regardless
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of the MC.
10.2.2 Environment control

Experiments were conducted in a temperature-controlled freezer from -45 °C to 20 °C or an oven
from 25 °C to 45 °C. The internal volumes of the freezer (40x40x110 cm?) and oven (44x59x68 cm?)
were two orders of magnitude greater than the 1.5-L smouldering reactor. Two vents with a 2.5-cm
diameter were designed on the back of the chamber to ensure that both the oxygen supply and smoke
ventilation were sufficient. A small fan was installed inside the chamber to help homogenize the airflow.
The oxygen concentration was stabilized at 20.9% during the burning process, as measured by an
oxygen sensor. Several boxes of water/ice were placed inside the chamber, which increased the system

thermal inertia and reduced the influence of fire heat release on the controlled environment temperature.
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Fig. 10.1. Photo of peat soil and schematic diagram of the fire reactor and temperature-controlled chamber.

Initially, the temperature inside the chamber was set to a prescribed value and monitored by several
thermocouples. To monitor the temperature profile of the peat sample, seven armoured K-type
thermocouples with a bead diameter of 1 mm were placed from 3 cm to 15 cm below the top free surface
with an interval of 2 cm (Fig. 10.1). When the default temperature sensor of freeze/oven and all
thermocouples inside reached the prescribed temperature and stabilized for hours, the desired test

environment was ready.
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10.2.3 Initiation of the peat fire

For ignition, a 10-cm long coil heater made of 0.3-mm thick CryoNigy wire was buried into the peat
sample 1.5 cm below the top free surface. The ignition protocol was fixed at 100 W for 30 min, so it
was strong enough to initiate a robust and uniform smouldering front in a peat sample with MC up to
150% at the ambient temperature of 20-30 °C [30,31]. For the smouldering peat fire, it is difficult to
judge the success of ignition and fire spread visually, especially when the fire front is below the free
surface [32]. Nevertheless, the thermocouple array inside the peat sample could monitor the entire
ignition and fire-propagation processes. For a fixed peat gravimetric moisture content, if the sample
was successfully ignited and self-propagating, the environmental temperature was lowered to test a
fresh sample until the fire could no longer propagate. Then, the minimum environmental temperature
for this moist peat was found. For each test scenario, at least three repeating fire tests were conducted

to quantify the experimental uncertainty.
10.2.4 Estimation of carbon emissions from peat fires

The typical arctic and boreal peat layer temperature profile during the fire season in Alaska was
applied to estimate the depth of burn, where the soil temperature decreases with depth [29]. From a
database of 12,705 measurements, the average MC of in northern hemisphere peat within the upper peat
layers down to 58 cm is about 82% [33]. It was assumed that the ignited smouldering fire would
propagate downward until reaching the soil layer where the temperature was too cold to maintain the
fire. This minimum environmental temperature is defined as the peatland fire threshold. Then, we can
estimate the possible depth of burn if the fire occurs.

Afterwards, the carbon emission flux of the burnt peatland () [kg C/m*] may be estimated as
mg = p-C-DOB, where p is the dry bulk density of soil on the surface layer of boreal peatland, and
C isthe carbon mass fraction of peat [7,9]. It was also assumed that the peatland soil temperature profile
near the ground surface would increase simultaneously [3]. The annual carbon emissions from all
peatland fires [Mt/year] may be estimated as 1, =n-A-mg, where n and A are the annual burn
probability [%/year] and the total land area [km?] of peatlands, respectively.

10.3 Results and Discussion

10.3.1 Peat fire behaviours

Our experiments reveal the fire threshold of peatlands on Earth, that is, the minimum environmental
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temperature that just allows a self-sustained smouldering fire on the peat soil. Fig. 10.2 shows the
temperature measurements of two experimental cases at the controlled environmental temperature of -
5 °C, where one sample has the MC of 25% (Fig. 10.2a), and the other has the MC of 75% (Fig. 10.2b).
Before ignition, the peat sample was cooled down to the prescribed environment temperature and
stabilized for several hours. During the ignition process, the temperature near the electrical heater
quickly increased above 400 °C, indicating a robust heating process. After 30 min, the heating power
was turned off, then a sudden drop in temperature was observed. A successful ignition was defined if
the smouldering fire propagated downwards with the soil temperature above 250 °C for a significant
period after the external heating (see Fig. 10.2a) [20,23]. In contrast, a failed ignition was defined if all
measured soil temperatures decreased gradually to the environmental temperature after the heating

source was turned off (see Fig. 10.2b).
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Fig. 10.2. Thermocouple data of (a) successful smouldering propagation in the peat of MC=25%, and (b) failed

smouldering spread (extinction) in the peat of MC=75% at the environmental temperature of -5 °C.

10.3.2 The vulnerability of boreal peatland

Fig. 10.3 summarizes the fire threshold of peat on Earth in terms of the minimum environmental
temperature that just allows a self-sustained smouldering fire (T,,;). As expected, the minimum

temperature that allows the smouldering of peat soil increases with the soil moisture. For example, as
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the MC increases from 50% to 75%, the minimum temperature increases from -20 °C to 5 °C. For the
frozen soils (< 0 °C), if the gravimetric moisture content is higher than 75%, it is resistant to a
smouldering fire. However, global warming drives the soil temperature to continue increasing at the
rate of about 0.44 °C/decade in boreal peatlands [3]; thus, the vulnerability of peatland to smouldering
wildfires may increase over time. The deteriorating peatland fire severity, indicated by massive burnt
soils, may release a tremendous amount of terrestrial carbon to accelerate global warming, creating
positive feedback.

Two linear correlations are found for the smouldering fire threshold of peatland as a function of the
minimum environmental temperature and the peat gravimetric moisture content, that is, T =
82MC — 57 for the frozen peat soil (or permafrost) and T, = 42MC — 28 for nonfrozen peat soil.
As extra heat is required to thaw the permafrost, the fire threshold of frozen peatlands (permafrost) is
more sensitive to the soil moisture profile. The average MC of 82% for the boreal peatland, based on
massive field measurements [33], was used in the subsequent analysis. With this gravimetric moisture
content, the corresponding minimum environmental temperature allowing a stable smouldering peat
fire is about 6.5 °C. Although global warming may dry the soil and reduce the soil moisture, such an
effect may be compensated by the increase in precipitation [34]. Thus, compared to the soil temperature,

the average MC in boreal peatlands may be less sensitive to global warming.
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10.3.3 Depth of burn and carbon loss

If a smouldering fire is ignited on the peatland by lightning or human activities, it may spread both
laterally and in-depth until the soil layer is too cold or too wet to maintain the fire. After extinction, the
depth of burn (DOB) may be used to estimate the fire emissions [7]. Fig. 10.4 shows the vertical summer
soil temperature over the top 1.5 m based on the measurement of a long-term monitoring station in the
boreal peatland of Alaska [29]. During the hot and dry fire season, the soil temperature shows a
decreasing trend with the depth over the top layer [19]. Under the current global warming rate, the
temperature of boreal peatland may increase at the rate of 0.44 °C/decade [3], and Fig. 10.4 shows the
expected soil temperature profile in 2050 and 2100. We then illustrate the fire threshold of peat (i.e.,
6.5 °C) from Fig. 10.3 in terms of average soil moisture of 82% (plotted as black dash line in Fig. 10.4),

and the potential DOB could be quantified if a fire occurs (Fig. A10.2b).
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Fig. 10.4. (a) The measured vertical soil temperature profile in Alaska in the summer of 2015 [29] and the
projected temperature profile in 2050 and 2100 at the warming of 0.44 °C/decade [3], where the shadow part
represents the potential deepening depth of burn per smouldering peatland fire due to the warming, and (b)

simplified illustration of the future depth of burn (DOB).

Fig. 10.4 shows that based on the acquired fire-threshold boundary, the top 0.16 m thick boreal peat
layer would be burnt during wildfires in 2015. This predicted DOB is close to multiple field
measurements at several boreal and subarctic peatlands in Russia [35], Alberta, Canada [36], Scottish
Highlands [37], and Northern Alaska [9], whereas it is lower than that in tropical peatland fires [7,38].

Thus, the reliability of this model is verified by the historical data. Under the warming rate of
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0.44 °C/decade, the potential depth of burn is projected to increase to about 0.28 m in 2050 and 0.60 m
in 2100, showing 79% and 280% increments compared to the year 2015 (Fig. A10.2b). Based on our
model, an empirical correlation can be established to estimate future DOB [m] in boreal peatlands as a

function of the soil moisture, global warning rate, and year as
DOB = 2.36[42MC — 28 — a(Y — 2015)]7938 — 1 (10.1)

where Y is the year, and a (°C/year) is the warming rate in boreal peatlands. The R? coefficient of
this correlation is 0.92. If the soil is severely dried to MC < 70%, the fire has the potential to reach the
frozen soil layer (permafrost) with a greater depth of burning, following DOB = 2.36[82MC — 57 —
a(Y — 2015)]7%38 — 1. Although such peatland fire scenarios are still rare under the current arctic and
boreal temperature, such a probability may increase in future driven by the accelerating climate change.
Referring to literature measurement [9,12,20,39,40], the mean carbon content of boreal peat is
relatively stable at around 45+5%, while the dry bulk density has a wide range from 50 to 300 kg/m?
and increases with the depth. By using a typical dry bulk density of 100 kg/m?, the current carbon
emission flux from smouldering peat fire is estimated to be 7.1 kg C/m? (Fig. A10.2¢), which is within
the field measurement of 0.4-9.5 kg C/m? during the 2007 Anaktuvuk River fire in Alaska [9,41].
About 0.5% of the entire boreal peatland is expected to burn annually [42]. Thus, the average
carbon loss flux from the entire boreal peatland is 0.036 kg C/m?*/year in 2015, which is higher than the
annual net ecosystem carbon gain without fire (0.03 kg C/m?)[9,41,43]. Peatlands are the most abundant
in the boreal region, where they cover roughly 4x10° km? of Earth land, that is, 80% of peatland in the
world [13]. Under the burn probability of 0.5% [42], the annual total burned area is estimated to be
2x10* km?*/year in the boreal peatland. We can then estimate that the annual carbon loss in 2015 is
around 143 Mt C/year (Fig. 10.5), which is ~50 times the annual net C sink for the entire arctic and

subarctic tundra biome (3-4 Mt C/year) [44].
10.3.4 Carbon loss at different global warming scenarios

As the DOB is expected to increase with global warming, we can scale up Eq. 10.1 and predict the
future carbon emission flux per peat fire [kg C/m?] after the year 2015 as m/ = 106[42 - MC — 28 —
a(Y —2015)]7%38 — 45, Under the current boreal warming rate of 0.44 °C/decade [3], the carbon
emission flux may increase from 7.1 kg C/m? in 2015 to 12.8 kg C/m? in 2050 and 27.2 kg C/m? in 2100

(Fig. A10.2¢). Then, by assuming that the annual burn probability is fixed to 0.5%/year in the 21*
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century, we can predict the future annual carbon emissions from all boreal peatland fires [Mt C/year] as

e = 2100[42MC — 28 — a(Y — 2015)]7%38 — 900 (10.2)
Thus, the warmer peatland may approximately release 256 Mt C/year in 2050 and 544 Mt C/year in
2100, that is, almost 100-200 times of annual net C sink for the current entire arctic tundra biome [44].
We further estimate the cumulative carbon loss as 28 Gt net over the entire 21* century (see subplot in
Fig. 10.5 and Fig. A10.2d). Such a carbon loss is almost three times that from burning fossil fuels in

2014 (~10 Gt) [45] and 1.6% of 1,700 Gt carbon stock in permafrost [28,46,47].
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Fig. 10.5. Estimates of carbon loss in the 21% century from boreal peatland fires under different warming

scenarios.

The anthropological greenhouse gas emissions are expected to increase in the next few decades
continuously [44]. The Intergovernmental Panel on Climate Change (IPCC) estimates that the Earth
may warm by 6 °C in the 21 century, if the whole world has not implemented any climate reduction
policies [48]. Therefore, herein we further estimate the potential carbon loss during the fire at different
warming scenarios by the year 2100 (Fig. 10.5). If future human-made greenhouse emissions further
exacerbate the boreal warming rate to 0.6 °C/decade, the potential carbon loss from all boreal peatland
fires may increase to 969 Mt in 2100, which is almost seven times the current level and doubles the

emissions in 2100 under the current warming rate of 0.44 °C/decade. And the total carbon loss may
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reach 38 Gt during the 21% century. On the other hand, if current climate and energy policies are
successfully implemented to reduce the warming rate to 0.3 °C/decade, we estimate a reduced carbon
loss to 360 Mt in 2100, that is, about 21% decrease compared to the current warming rate, and the total
carbon loss may decrease to 22 Gt during the 21* century. Therefore, slowing down the global warming

rate may effectively reduce greenhouse gas emissions from peatland fires.
10.3.5 Fire impact on the Earth ecosystem

Nitrogen is one of the critical elements that control plant productivity in the ecosystem. Therefore,
the soil nitrogen loss in fire may affect the postfire carbon absorption for an extended period [9,49].
Herein, we simultaneously estimate the nitrogen (N) loss from boreal peatland fires (Fig. A10.3).
Assuming the mean peat nitrogen content of 1.5% [39] and the same burn probability of 0.5% [42], the
estimated average nitrogen loss flux from the entire boreal peatland is 1.19 g N/m?/year in 2015, and it
may sharply increase to 4.54 g N/m?/year in 2100 under the current trend of warming. In contrast, the
annual nitrogen accumulation rate due to both deposition and biological fixation in Alaska is estimated
to be at most 0.16 g N/m?*/year [9,50], which is one order magnitude smaller than the nitrogen loss rate.
Therefore, the nitrogen loss from smouldering fire in peatlands is an irreversible process and even worse
than carbon losses.

Except for the direct carbon emissions through extensive burning, in the permafrost regions, the
wildfires in peatlands also have a long-term impact on the deeper permafrost layer. For example, it was
estimated that the postfire ground thermal conductivity might increase ten times, whereas the surface
albedo may decrease by 50% [51]. Furthermore, wildfires in peatlands within permafrost regions cause
the unburned permafrost to thaw through the deepening of the active layer and the expansion of talik
on the peat plateaus (Fig. 10.4b) [17]. The impacts of permafrost thawing include the increasing surface
runoff, dissolving organic matter and methylmercury in surface water, loss of wildlife habitat, reducing
land use, and increasing greenhouse gas emissions due to the microbial decomposition [17,28,52]. It
was projected that no peatland permafrost would remain after global warming for 6 °C [53], and more
frequent wildfires would accelerate this process [17].

Projections also suggest that the slow thawing may release about 200 Gt of carbon over the next
300 years under the current warming scenario [47]. Nevertheless, it might be vastly underestimated

without considering the carbon emissions from peatland fire. As we projected, the carbon emissions
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from boreal peatland fires would accelerate under climate warming, and the extent of permafrost thaw
would also expand due to the extensive heating from the underground peat fires. With the postfire
expansion of thawing permafrost, substantial quantities of organic soil may become vulnerable to
biodegradation by microorganisms [17]. Consequently, enormous greenhouse gases, including carbon
dioxide, methane, and nitrous oxide, may be released into the atmosphere, intensifying the positive
feedback to climate change and deteriorating the ecosystem [47,54,55].

The extensive wildfires could transport substantial quantities of particulates and volatile
compounds via the atmosphere and produce large fluxes of nutrients into the ocean ecosystem [56]. In
particular, the cycle of nitrogen (N) and phosphorous (P) are two main contributors to the ocean's
primary productivity [57]. Fire improves the supply of N and P to the ocean either via aerial deposition
from aerosol and smoke or by increasing the influx of ash (rich in P) into the ocean [20]. The increase
of P and N contributes to the growth and reproduction of aquatic plants, algae, and cyanobacteria [56,58].
The resulting oxygen reduction in the water may cause massive deaths of fish and other species and
release enormous toxic gases [59]. As we predict a climate-induced increase of fire severity and
precipitation in boreal peatlands, these extra N and P fluxes from fires would potentially exacerbate
global water eutrophication and ecological damage. Therefore, it is imperative for water quality

management strategies to consider the impact of increasing peatland fires on marine ecosystems.
10.4 Conclusions

In this chapter, we reveal the smouldering fire threshold of boreal peatlands as a function of
environmental temperature (-45 - 40 °C) and gravimetric moisture contents (25% to 150%). Based on
the data of vertical soil temperature profile, we then successfully predict the depth of burn in boreal
peatlands to be 0.16 m in 2015 that is close to multiple field measurements. We predict the future depth
of burn as DOB = 2.36[42MC — 28 — a(Y — 2015)]7938 — 1, given a boreal warming rate, a
(°Clyear). Under the current boreal warming rate of 0.44 °C/decade, we estimate that the carbon
emissions per unit burnt boreal peatlands may increase from 7.1 kg C/m? in 2015 to 12.8 kg C/m? in
2050 and 27.2 kg C/m? in 2100. With a burning area of 0.5%, the total soil carbon emissions in the
entire 2x10% km? boreal peatlands may increase from 143 Mt in 2015 to 256 Mt in 2050 and 544 Mt in
2100. The cumulative carbon loss of the 21 century is estimated to be 28 Gt, which is three times of

emissions from burning fossil fuels in 2014.
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If the current energy policies successfully reduce the warming rate to 0.3 °C/decade, we predict a
reduction of one third carbon emissions from boreal peatland fires. With increasing fire frequency and
severity under a warming climate, emissions from boreal peatland fires are expected to influence the
ecosystem through multiple biogeochemical processes. This research helps evaluate the fire risks of
boreal peatlands and estimate climate-induced carbon emissions from boreal peatland fires in the 21%
century. Future research efforts will be taken to improve the accuracy further and quantify the

uncertainties of our model.
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CHAPTER 11: Concluding Remarks and Future Works

11.1 Impacts of the present research

In this thesis, near-limit smouldering fire dynamics including ignition limit, transition limit,
propagation limit and extinction limit have been studied.

The ignition of combustible materials is fundamental to fire safety analyses, defining initiation and
leading to the eventual growth of sometimes devastating fire events. Therefore, the ignition limits of
smouldering combustion have been thoroughly discussed in Part A (Chapter 2-4). In Chapter 2, the
ignition limits of organic-rich peat soil are quantified which are insensitive to the moisture contents.
Piloting a flame on peat is found to be more difficult than starting a smouldering peat fire, requiring a
higher minimum heat flux and three times more ignition energy. Moreover, defining a constant ignition
temperature or mass flux is inappropriate for wet wildland fuels which may have a large mositure
content. In Chapter 3, we investigated the smouldering ignition limit of multi-layered thin tissue paper
by small irradiation spots. The measured minimum spot irradiation for smouldering ignition is not
constant but remains much higher than the 11 kW/m? measured from cone-calorimeter tests. As the
diameter of irradiation spots decreases from 20.0 mm to 1.5 mm, the minimum irradiation necessary
for smouldering ignition increases from 17.5 kW/m? to 205 kW/m?, and the ignition energy increases
from 0.084 MJ/m? to 2.0 MJ/m?, revealing that the importance of lateral conductive cooling within the
fuel becomes dominant for a smaller spot ignition area. Eventually, a physical-based 2-D computational
model is built to demonstrate and reproduce the experimental phenomena. After ignition, a flame is
sometimes found not to be able to sustain above the charring materials. Nevertheless, extinction of the
flame is not the end of a fire, as it may be followed by the smouldering. Such a transition limit of
flaming to smouldering is thorougly studied in Chapter. 4, where a unique wood combustion mode
showing a near-limit blue flame was identified as an intermediate combustion mode between the
buoyancy-controlled yellow flame and the smouldering combustion. Below the critical irradiation (40
kW/m?), the intense yellow flame directly transitions to smouldering when the mass flux decreases to
about 4.0 g/m?s for all wood samples. Above the critical irradiation, on the other hand, the near-limit
blue flame may still survive until transitioning to smouldering at the mass flux of 1.0 g/m?s. Thus, it
may redefine the transition limit of flaming to smouldering transition of timber materials under external

radiation.
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Part B (Chapter 5-7) focuses on the quenching limit and quenching diameter of smouldering
combustion. In Chapter 5, the smouldering quenching diameter was quantified for the first time, which
is on the order of centimetre and much larger than the flame. Like the flame, the smouldering quenching
diameter is also comparable to the thickness of the reaction front, and it increases as the wall cooling
increases and the oxygen supply decreases, which are explained analytically. The minimum
smouldering temperature (~250°C) and propagation rate (~0.5 cm/h or 0.1 mm/min) was found at the
quenching limit. In Chapter 6, a 2-D model was built using open-source code Gpyro to computationally
study the quenching diameter of smouldering combustion for the first time. This is the first time to use
a comprehensive physics-based model to predict the quenching behaviour of smouldering combustion
at different ambient conditions, verifying and enriching our experimental observation. In Chapter 7, the
application of combustion theory of quenching and quenching distance in firefighting activities was
explored through constructing peat firebreak. There are two criteria for an effective peat firebreak: (I)
adding water to make the peat layer sufficiently wet (> 115% MC in the present work), and (II) ensuring
the peat layer is thinner than the quenching thickness (< 5 cm). Moreover, the sloped, trench-shaped
firebreak is recommended to avoid a landslide and guide the water flow to keep the peat layer wet.

Part C (Chapter 8-10) further explores the environmental impacts on the smouldering limits. In
Chapter 8, the smouldering propagation rate on consolidated biomass and the blow-off limit under
concurrent and opposed external airflows up to 50 m/s were quantified. As the airflow velocity increases,
smouldering propagation rate first increases to its maximum value (Oxygen-limited Regime), and
subsequently remains stable (Thermal Regime), regardless of the airflow direction. Afterwards, it
slightly decreases (Chemical Regime) until blow-off, and the blow-off of opposed smouldering is easier,
similar to the pattern of flame spread. The blow-off airflow velocity (13~46 m/s) of smouldering
combustion is around ten times larger than that of flaming combustion, and it decreases as the fuel
diameter or density increases. Chapter 9 assessed the underlying mechanism of rain in suppressing the
smouldering peat fire in the shallow soil layer up to 15 cm deep through laboratory experiments. The
minimum rainfall intensity to extinguish the peat fire is roughly 4 mm/h, so that the persistent light rain
cannot suppress such smouldering wildfire. The required rain duration for extinguishing smouldering
peat fire decreases with the rainfall intensities, and is much longer than that for extinguishing flaming
wildfire. The required rainfall depth for extinguishing peat fire gradually decreases with the rainfall

intensity and approaches a minimum value of 13 mm under violent rain. Therefore, the short-term
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violent rain is most effective for suppressing the persistent smouldering peat fire. In Chapter 10, the
smouldering fire threshold of boreal peatlands was revealed as a function of environmental temperature
(-45 - 40 °C) and gravimetric moisture contents (25% to 150%). Under the current boreal warming rate
of 0.44 °C/decade, it is estimated that the carbon emissions per unit burnt boreal peatlands may increase
from 7.1 kg C/m? in 2015 to 12.8 kg C/m? in 2050 and 27.2 kg C/m? in 2100. With a burning area of
0.5%, the total soil carbon emissions in the entire 2x10* km? boreal peatlands may increase from 143
Mt in 2015 to 256 Mt in 2050 and 544 Mt in 2100. The cumulative carbon loss of the 21 century is
estimated to be 28 Gt, which is three times of emissions from burning fossil fuels in 2014. If the current
energy policies successfully reduce the warming rate to 0.3 °C/decade, a reduction of one third carbon
emissions from boreal peatland fires is estimated. With increasing fire frequency and severity under a
warming climate, emissions from boreal peatland fires are expected to influence the ecosystem through

multiple biogeochemical processes.
11.2 Future work

Smouldering combustion is still an emerging and fascinating multi-discipline topic in combustion,
fire ecology and geoscience. Although its critical hazards, significantly few studies have been conducted
in each of the related discipline. Many aspects are still not well understood and deserve more in-depth
research efforts. Some interesting research are suggested for future research:

1. Peat, as a charring material, can sustain both flaming and smouldering. Therefore, flame can spread
over the surface of peat soil, and the size of peat fire can expand much faster than the expected
creeping smouldering spread inside the peat layer. However, currently, little research has
investigated the flaming peat fires. More insights can be learned by starting with some well-
controlled bench-scale experiments to study the rate of flame spread over peat soil under external
radiation.

2. Many ignition events leading to both structure and wildland fires occur remotely by a point heating
source such as concentrated sunlight. However, to the best of the authors’ knowledge, the remote
ignition phenomenon by small irradiation spots has not received a detailed and quantitative study,
presenting a key knowledge gap. Future experiments and numerical simulations are needed to
further reveal the underlying physical and chemical process of smouldering spot ignition for

different fuels.
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3. The close collaboration with firefighters, forest service and fire ecology communities can improve
current wildfire management and inspire more new fundamental research topic. Much more efforts
should be taken to transfer the newly found knowledge to othe scientific communities. For example,
although two criteria for an effective peat firebreak were established in Chapter 6, how to apply
them in real fire scenario is still a issue needs to solve.

4. Currently, there are still little study on developing comprehensive 2-D or 3-D models which could
provide more insight on high-dimensional and geometric effects. As smouldering fire is a creeping
process, it is time-consuming to model this long-lasting fire phenomenon. Future work should focus
on exploring how to balance the accuracy and complexity of model.

5. Smouldering fire can be sustained in an extremely low oxygen concentration (~11%) and propagate
below the ground surface. Therefore, it is extremely difficult to detect the existence of smouldering
fire in wildlands. Therefore, future work should be focus on the development of new methods to
detect the underground smouldering wildfires. As an incomplete combustion process, the CO
emissions may play an important role in detecting smouldering fire, which requires further
explorations.

6. Boreal peatlands are increasingly vulnerable to wildfires as climate change continues accelerating.
Therefore, more accurate models should be established to predict the future carbon loss due to the
smouldering wildfires. A new model to predict the climate-induced carbon loss from boreal-arctic
peatland fires was built in Chapter 9. Future research will focus on quantifying the influence of

different parameters on our model and further improving the predictions of peat fire carbon loss.
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