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ARTICLE INFO ABSTRACT

Keywords: Smouldering combustion is the slow, low-temperature, flameless burning of porous fuels, which propagate both
Smouldering combustion laterally and in-depth. In this study, we build a physics-based two-dimensional model to simulate lateral and in-
Biomass

depth smouldering spread simultaneously based on open-source code Gpyro. We first validate the model against
a shallow-reactor experiment (of 1.6 cm thickness) in the literature. Based on the validated model, we then
investigate 2D smouldering in a 3 times deeper peat layer at different soil conditions. We found that lateral and
in-depth spread rates depend on the organic density and the Oxygen supply. Because of the larger Oxygen supply
close to the free surface, the lateral spread is 10 times faster than in-depth spread. In addition, for lateral spread
the influence of inorganic density and moisture can be explained by a unified parameter, heat sink density,
agreeing with previous experimental results. The model predicts the effects of peat conditions on multidimen-
sional smouldering spread and reveals the controlling mechanisms both lateral and in-depth spread, providing a

Multi-dimensional
Numerical simulation
Fire spread rate

better understanding of this complex phenomenon.

1. Introduction

Smouldering peat wildfires release carbon stored in peat, thus
resulting in a positive feedback that serves to advance climate change
[1]. Smouldering is the slow, low-temperature, flameless burning of
porous fuels [2]. It is sustained by the heat produced when oxygen
directly attacks the surface of the solid fuel [1]. Thus, smouldering is a
complex heterogeneous process, where chemistry, heat transfer and
mass transfer occur simultaneously [3]. Peat, as typical organic soil, is a
porous and charring natural fuel, thus prone to smouldering. Once
ignited, smouldering peat wildfires can persist for days to months,
despite rainfall and firefighting attempts. These wildfires can release
huge amounts of carbon; in 1997, peat wildfires in Southeast Asia
emitted 0.8-2.56 Gt-C to the atmosphere, equivalent to 13-40% of the
global anthropogenic carbon emissions in that year [4-6].

Moisture content (MC, the amount of water in the soil), inorganic
content (IC, the quantity of non-combustible material), and organic
density are the three most influential factors (in that order) on ignition,
propagation, and extinction behaviour of smouldering peat wildfires
[7-12]. The propagation of smouldering is a multi-dimension process,
where the lateral spread is along the peat layer, and in-depth spread is
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into the bulk of the peat [2]. Previous studies have been conducted to
study the influence of peat conditions on either lateral spread or in-
depth spread. Laboratory experiments [10,13] have found that the
lateral spread rate decrease with moisture, because more energy and
time are required to dry the peat. Peat with a relatively high MC (but still
below critical MC) can smoulder[14,15], and lateral spread rates are
faster a few centimetres below the surface, forming an overhang [13].
Huang and Rein [16] found that in-depth spread rate increases with MC
because of the smaller organic density. On the other hand, IC slightly
decreases in-depth spread, according to both experiments and modelling
[9,17]. Most previous studies are experimental. Computational studies
are limited and focused on either lateral spread only [18] or in-depth
spread only [8,9,16,19]. The literature lacks a computational study to
investigate the multi-dimensional smouldering dynamics that combines
both lateral spread and in-depth spread simultaneously, which is the
phenomenon that actually happens.

To fill this knowledge gap, this paper builds a two-dimensional
physics-based model to simulate smouldering combustion in peat. The
model is first validated against shallow-reactor experiments in the
literature. Based on the validated model, we further simulate the two-
dimensional smouldering combustion of a thicker peat layer, reveal
the controlling mechanisms for two types of spreads, and investigate the
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Nomenclature

pre-exponential factor,1/s

specific heat capacity, J/kg-K

mass diffusivity, m?/s

activation energy, kJ/mol

specific enthalpy, J/kg

convective heat transfer coefficient, W/m?k
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hp, diffusive mass-transfer coefficient, kg/m>s
AH change in enthalpy, MJ/kg

k thermal conductivity, W/m-k
L the depth of sample, mm

m’ mass flux, kg/m?>-s

M molecular mass, g/mol

n heterogeneous reaction order
P pressure, Pa

t time, s

T temperature, °C

X horizontal distance, mm

Y mass fraction

z vertical distance, mm

Q
8
a

emissivity

permeability, m?

bulk density, kg/m>
viscosity/stoichiometry

porosity

reaction rate, 1/s

volumetric reaction rate, kg/m>-s
weighted collision diameter, A
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Subscriptttts

initial

ash

formation
destruction

gas

inorganic matters/solid species index
gaseous species index
reaction index
nitrogen

oxygen

peat

water

free surface
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influence of peat conditions.
2. Computational model

We used the experiments of Christensen et al. [10] to validate our
model, which the best experiments in the literature for lateral spread;
thus, a brief introduction of the experimental study of Christensen et al.
[10] is given here. The dimensions of this shallow reactor are 40 x 40 x
1.6 [cm] (Fig. 1). The reactor was built using insulating ceramic boards
(k = 0.7 WmK™}, p = 310 kg.m 3, ¢ = 1090 J.kg'K™!). Commercial
milled Irish Sphagnum peat of dry density 158 + 15 kg/m® and inherent
inorganic content (IC) of 2.5 + 0.6% was used [10].

Both IC and MC were calculated on a dry basis (Egs. (1) and (2)),
where m,, is the mass of the water, m; is the mass of the added sand, ICy

Leading edge Ignition

Infrared camera —

Smouldering spread

40 cm

Fig. 1. Illustration of the experimental setup in Christensen et al. [10], dis-
playing a central ignition using a wound coil and key features observable in
IR imaging.

is the inherent inorganic content of the unconditioned peat (~2.5%),
and my, is the mass of the unconditioned peat. Samples with different ICs
and MCs were ignited at the centre with 20 W for 30 min as the ignition
protocol. Christensen et al. [10] studied in-depth and lateral spread rates
as well as smouldering width. The experiment under each IC and MC
combination in Christensen et al. [10] was repeated three times to
obtain the experimental uncertainty.

MC=_ v ¢ o)
my + my

c— mg + 1Comy, @
mg +my,

2.1. Governing equations and chemical kinetics

Our computational model was sbuilt on Gpyro [20]. Gpyro is an
open-source code that integrates mechanisms of mass transfer, heat
transfer, and chemistry for reactive porous media and has a robust
inbuilt stiff solver capable of solving complex smouldering problems
[20,21]. The governing equations used in this study impose conserva-
tions of Egs. (3) mass, (4) species and (5) energy in the solid phase, as
well as (6) mass, (7) species, and (8) momentum (Darcy’s law) in the gas
phase. Subscripts z and x refer to vertical and horizontal direction
respectively. Subscripts i and j refer to the solid species and gas species
respectively. All other symbols are explained in the nomenclature.
Further details on the formulation and solution method of Gpyro can be
found in Lautenberger [20]. The thermo-physical properties of solid
species and gas species were assumed to be constant. The gas-phase
temperature was assumed to be the same as the condensed-phase tem-
perature (thermal equilibrium).
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Previously, a 5-step reaction scheme had been proposed to simulate
smouldering combustion of biomass fuels [7,22]. This scheme has
shown validity in previous studies of peat wildfires through comparison
to experimental data [8,19,22], and it was therefore used in the present
study as well. The 5-step scheme includes a drying step (dr), a pyrolysis
of peat (pp) and three parallel oxidative pathways: peat oxidation (po),
p-char oxidation (fo) and a-char oxidation (ao0) as shown in Egs.(9) to
13)

Peat e v,, ;,H,O—Peat + 1, ,,H,0(g) (C)]
Peat—v,,, @ — Char + v, ,,Gas 10)
Peat 4 10, o0, —=vp o f — Char 4 v, ,,Gas an
P — Char 4 v, 4,0, —=V, goAsh + v, 4,Gas (12)
a — Char + Vg, 4,02 >V g0 Ash + 1, ,Gas 13)

where v, 4 = MC and subscripts w, p, a, 3, and a represent water,
peat, a-char, p-char, and ash [7,8] respectively.

In Gpyro, the heterogeneous reaction k of condensed species A is
represented in mass basis as shown in Eq. (13). The destruction rate of
condensed species A in reaction k is expressed as Arrhenius law as shown
in Eq. (A2) and Eq. (A3). The formation rate of condensed species B and

all gases from reaction k are vp kg, and f = (1 — vpx) gy, [23]. The

corresponding heat of reaction is Q: = 7tbfj’Ak -Hy [23]. Further details on
the formulation of chemistry in Gpyro can be found in Lautenberger
[20].

2.2. Boundary and initial conditions

By taking advantage of the geometrical symmetry of the experi-
mental configuration in Christensen et al. [10], the computation domain
was a half of the sample as shown in Fig. 2 to save computational re-
sources and time.

The boundary conditions and initial conditions required are as

Peat sample Ignition coil

1 cm
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follow: For the top free surface (z = H), a heat flux of q’; = 200 kW/m?
was applied at the coil location (x = 0 — 0.5 cm) to simulate the heating
of ignition protocol for the first 30 min (Eq.(14)). Both convective and
radiative heat transfer were considered in the rest of the free surface Eqgs.
(14) to (16)). A heat transfer coefficient (h. = 10 W/m?K [24]1) was used
here and the emissivity (¢) of peat was set to 0.95 [7]. The gas transport
on the free surfaces was calculated through Eqgs.(17) and (18). The mass
transfer coefficient (hy,) was calculated by hy, = he/cg according to mass-
heat transport analogy [25], where the specific heat capacity for gas
species (cg) was assumed to be 1100 J/kg-K for all simulations [25]. For
the bottom (z = 0), a convective heat transfer coefficient (h, = 0.5 W/
m%K) (Eq.(19)) was applied to account for the heat loss through insu-
lating layer, which is within the range (0-3 W/ mZ%K)) reported in
previous validated computational studies [7,9,17].

The impermeable boundary (Eq. (20)) was applied for the mass
transfer of gas species at z = 0.

At the symmetrical plane and right wall (i.e x = 0 and x = L/2),
adiabatic boundary condition (Eq.(A4)) was used for energy conserva-
tion equation and impermeable boundary condition (Eqs.(A5) and (A6))
for gas species.

oT o, ) .
— ka—z s = —d, +h(T|_y —Ts) +86(T4}1:H - T, ) (for t<30 min)
14
oT _ . , .
"oz - =he(T|_y — Ts) +55<T |Z,H -T2 ) (for t > 30 min)
(15)
aT _ \ .
_ ka_z o he(T|yp — T ) +£0<T |Z:H _ Tw> 16)
dY; .
W DE| = (%l - 1) an
P z=H = Peo (18)
oT
7k6721:0 = *hb(T|Z:0*Tm) (19)
0Y; B
—vp Do W 0 20

The initial temperature for the sample and the air was 20 °C. The
whole computational domain, including the pores inside the dust, has
the same initial gas composition as the ambient air (Yo = 0.23, and Yy =
0.77).

1
Insulation ®

ol

Fig. 2. Schematics for experimental set-up and two-dimensional computational domain.
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2.3. Parameter selection

The chemical parameters of Huang et al. [7,22] for the 5-step reac-
tion scheme of peat smouldering, which are the most comprehensive
parameter values in the literature, were used here, and listed in Table 1.

The thermophysical properties of water, peat, a-char, f-char, ash,
and sand are listed in Table 2. Except for sand, the thermo-physical
properties for all the species were obtained from Huang et al. [7]. For
sand, properties were obtained from similar sand types [26,27] except
for bulk density (ps) which was measured in Restuccia et al. [28] for the
same sand in the experiments.

The thermophysical properties were assumed to be constant for the
sake of simplicity. All gaseous species have unit Schmidt number, and
equal free diffusion coefficient and specific heat. For mixed solid species,
the averaged properties in each cell were calculated by weighting mass
(Y;) or volume fractions (X;) as done in Lautenberger [20], where i refers
to the species, for example, see Eq. (A7).

2.4. Validation and extrapolation use

Results from simulations in a shallow reactor were validated against
the experiments of Christensen et al. [10]. These results consist of lateral
spread rate (S)), in-depth spread rate (S4), and smouldering width (w).
The determination of these outputs were based on leading and trailing
edges. Leading edge is the first location of char oxidation (at the top
surface of reactor) and trailing edge is the last location of char oxidation
(at the bottom of reactor) [10]. The distance between the leading and
trailing edges is referred to as smouldering width.

Lateral spread rate characterises the propagation of smouldering in
the horizontal direction. Same as in Christensen et al. [10], here, the
lateral spread rate was obtained by tracing the position of the leading
edge at two different times: at 35 min (5 min after the end of ignition)
and at the time at which the smouldering front reaches 17 cm from the
igniter (3 cm from reactor walls) and then dividing the distance of these
two positions by the time period.

In-depth spread rate was another key characteristic analysed in
Christensen et al. [10]. Because in Christensen et al. [10] the thickness of
peat is only 1.6 cm, Sy is hard to be directly measured in the shallow
reactor; thus, it was calculated by dividing the thickness of the peat bed
(Ho) by the burning time [10]. The burning time was defined as the time
difference between the arrival of trailing edge and leading edge through
a vertical profile [10]. We adapted this formulation to determine Sy in
our predictions.

The experimental study in Christensen et al. [10] that used shallow
reactor has limitations for in-depth spread rate because in a shallow
reactor, it is not as meaningful as in a deeper reactor and the bottom
boundary has a large influence on the in-depth spread [10,11]. We
studied multi-dimensional smouldering in a deeper peat layer of thick-
ness H = 5 cm. This thickness was selected because a thicker peat layer
can facilitate the formation and collapse of overhang [13,18], and
overhang is beyond the scope of the current paper. To model the igniter,

"

we used greater heat flux and over a larger area (4, ; = 400 kw/m? and
x = 0-2 cm as in Egs. (A8) and (A9)) to ensure a successful ignition. All

Table 1

Chemical parameters for the 5-step reaction scheme for peat [7], which consist
of drying step (dr), pyrolysis of peat (pp), peat oxidation (po), f-char oxidation
(o), and a-char oxidation (ao).

Parameter dr pp po po ao
1gA(g (s™1) 8.12 5.92 6.51 1.65 7.04
Ej(kJ/mol) 67.8 93.3 89.8 54.4 112
(- 2.37 1.01 1.03 0.54 1.85
vp k(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, x(kg/kg) 0 0 0.27 1.48 1.49
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Table 2
The values for thermophysical properties of all chemical species: of water, peat,
a-char, p-char, ash, and sand.

Species (i) ps_i(kg/ms) /)o_i(kg/mB) 7AQ] ks.i(W/m-K) ¢pi(J/kg-K)
Water 1000 1000 - 0.6 4186

Peat 1500 158 0.93 1.0 1840
a-Char 1300 135 0.90 0.26 1260
f-Char 1300 135 0.90 0.26 1260

Ash 2500 19.5 0.99 0.8 880

Sand 2500 1477 0.59 0.32 920

other boundary conditions were the same as in the shallow reactor case.

In the deeper peat layer simulation, S) was defined the same as that in
the shallow reactor simulation. S; was defined by tracing the time of
arrival of the leading edge at the free surface and the time at which the
trailing edge reaches 1 cm from bottom boundary, and then dividing the
distance between these two positions by the time difference.

We also studied the effect of organic density in the deeper peat layer
simulation. Organic density measures the amount of combustible ma-
terial in a sample [10]. To study its effect, here we simulated the 2D
smouldering of dry peat (with 0% MC and 0% IC) with organic density
varying from 100 to 200 kg/m°.

Previous experimental researches studied the influence of moisture
and inorganic matters [9,10,16], but the individual influence for each of
them has not be revealed. This is because in the experiments, adding
moisture or inorganic matters also changes the organic density. What
these experiments investigated was the coupling effect of organic den-
sity and moisture/inorganic matters. Thus, to reveal the individual in-
fluence of moisture or inorganic content on spread rate, here we used the
2D model in a deeper peat layer and fixed the value of organic density
while varying the mass fraction of moisture or inorganic matters.
Therefore, for the first time, the individual effects of MC and IC on
multidimensional smouldering spread were investigated.

3. Results and discussions
3.1. Simulating smouldering in a shallow reactor

Arbitrarily, we choose a base case (MC = 40% and IC = 40%) to
illustrate our simulations of the shallow-reactor in detail. Fig. 3 shows
the temperature distributions in x and 2z planes at different times. During
the ignition period (t = 1/4h), the temperature at the middle of the
sample (left side in the computational domain) increased continuously
and then reached a peak of 800 °C.

Smouldering started to spread at t = 1 h, forming a stable smoul-
dering front at t = 2 h. The peak temperature and width of smouldering
were nearly constant, reaching a semi-steady state. Smouldering even-
tually spread throughout the sample within 5 h, agreeing (~10% error)
with the experimental observation in Christensen et al. [10]. Fig. 4
shows the predictions of transient 2D distributions for mass fractions of
water (Yy), peat (Y)p), and inorganic matters (Y;) (sand and ash). During
the ignition period (Fig. 4 (a)), the mass fraction of water decreased,
then followed by the decrease of peat and the rose of ash. The changes in
Yw, Yp, and Y; represent the processes occurring at the smouldering
front: peat drying, decomposition and oxidation, which has been dis-
cussed in previous studies [3,7,8,29].

The leading edge and trailing edge can be identified clearly in the
stable smouldering front (Fig. 4 (c)). At the edges, Y; = 100%, meaning
at that point that the peat has burnt out. The leading edge corresponds to
the surface and the trailing edge to the bottom of reactor (Fig. 4 (c)). The
shape of the smouldering front agrees well with that reported in the
experiments of Christensen et al. [10], and confirm with the shape in a
field scale peat wildfire observed in Rein et al. [30]. It is worth noting
that pyrolysis (Reaction (11) (12)) happens at lower temperatures than
burning (Reaction (13) (14)). Once pyrolysis temperature reaches, peat
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Fig. 3. Vertical profile of 2D temperature distributions at different times for base case simulation (IC = 40% and MC = 40%).
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Fig. 4. Predictions of 2D distributions of mass fraction of water, peat, and inorganic matter at different times for base case simulation (IC = 40% and MC = 40%).
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will pyrolyze into chars and Y}, will decrease to 0 rapidly, forming the
edge Y, = 0%. This rapid change from peat to chars lead to a narrow
width of edges Y, = 0%.

Fig. 5 summarizes the predicted S; for different peat conditions and
compares them with measurements in Christensen et al. [10]. Fig. 5(a)
shows how S varies with MC. S; decreases significantly with MC. For
example, at MC = 0%, the predicted S; was 12.6 cm/h and it decreased
by 65% to 4.7 cm/h when MC increased to 140%. Our simulations have
a reasonably good agreement with experimental data; the trends
observed in the experiments were accurately predicted with an error of
lower than 15% (relative absolute error). Fig. 5(b) shows the variation of
Sy with IC; Sj decreased from 12.6 cm/h to 6.4 cm/h, as IC increased from
3% to 70%, which correspond to 20 — 25% error against experiments of
Christensen et al. [10]. The predictions presented here are the average
values, and due to the possible variations of physical parameters, the
predictions have uncertainty of + 25% [16].

The predicted w is summarised and compared with the experimental
measurements of Christensen et al. [10] in Fig. 6. w decreased with IC
and MC increased. The slope of wys. MC has a decreasing trend with MC,
whereas that of w vs. IC has an increasing trend with IC. Our predictions
on w have good agreement with the experiments of Christensen et al.
[10], with errors within 25%.

When smouldering approaches the extinction limits, the width
reduced to a minimum of 1-2 cm. Our predictions of w at the extinction
limits were around 20% higher than the measurement. This is because in
the experiments of Christensen et al. [10], w was defined by an arbi-
trarily low threshold of upwards radiation, whereas we defined it by a
temperature threshold (800 °C).

Fig. 7(a) shows that S; increased with MC. At IC = 3%, it increases
from 2.15 cm/h to 4.3 cm/h, when MC changes from 0% to 140%. At IC
= 40%, Sq rises faster. Sq increases by 2 times, as MC increases from 0%
to 70%. The findings agree with the previous research reported in [16].
Fig. 7(b) demonstrated that S, stayed relatively stable as IC varied. This
is because Sq denotes the burning rate, which decreases with the bulk
organic density. Since moisture significantly deceases organic density of
whole sample while sand does not change organic density much, the
trends in Fig. 7(a) and (b) are therefore different [10,16].

Note that the predicted Sy (solid lines in Fig. 7) is lower than the
measurements in Christensen et al. [10] (symbols in Fig. 7). This is due
to the fact that the w was overpredicted, and this overprediction
therefore resulted in an underprediction of Sq,. We found that in the MC
case (left in Fig. 7) the average error against experiments is 26% and in

(a)

® Exp. (IC =3%) [10]
m Exp. (IC = 40%)[10]

—— Pred. (IC = 3%)

—— Pred. {IC = 40%)

No spread

Lateral spread rate (cm/h)

0 T T T T T T 1 T 1
0 20 40 60 80 100 120 140 160
MC (%)
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the IC case (right in Fig. 7), it is 13%, which is of a reasonable accuracy.
These findings show the ability of the 2D model to accurately predict
multidimensional spread of smouldering; thus, improving previous 1D
models [8,16]. With this multidimensional model, smouldering spread
can be better understood than by using unidimensional models.

The in-depth spread rate of smouldering is limited by the oxygen
supply [11]. Peatland has varying peat layer thickness, and a thicker
peat layer has lower in-depth spread rate [11]. This was also simulated
in this work and presented in the subsequent sub-section. However, a
deeper peat layer simulated here is significantly shallower than the peat
layer thickness in a real peatland (in the order of m [31]) to isolate the
smouldering dynamics from overhang (see section 2.4), which is one
limitation of the model.

3.2. Simulating smouldering in thicker peat layer

In the thicker peat layer simulation, the distributions of temperature
and mass fraction of inorganic matter (Y;) with IC(MC) = 40%(0%) are
presented as an example (Fig. 8). We found that at t = 0.5 h (right after
the ignition is off), the temperature at sample centre reached a high
value due to the high heat flux during ignition; smouldering then
spreads laterally and downwards. The lateral spread and in-depth spread
can be identified in the contours of Y;. We found that lateral spread is
five to ten times faster than the in-depth spread. The vertical edge
reached the bottom boundary at t = 9 h, when most of the samples has
burn out.

Fig. 9(a) shows that both S; and S, decreased by 50 % as the organic
density increased from 100 to 200 kg/m?. The simulation results agree
(within 20% error) with the measurements in previous experiments (MC
= 0% and IC < 3%) [9,13,16].

Both the in-depth and lateral spread are essentially a burning pro-
cess, and their rates are controlled by the rate of oxygen supply, as
shown in Eq.(21) [16], where m{ is the burning rate, m{, is oxygen
supply rate, vo is the chemical stoichiometry for oxygen, and pq is
organic density, p,; is the air density, Do is the diffusivity of oxygen, and
[l’—f’ is the characteristic air diffusion speed. When the oxygen supply (m{)

and stoichiometry is fixed, the burning rate is a constant. Therefore, the
spread rate is inversely proportional to the organic (or fuel) density
(spread rate «1/pgc), which can be demonstrated clearly in Fig. 9(b).

Spread rate = Ty _ 1o /Vo (g = Y. Opair&) @D
Poc Poc I
16
® Exp. (MC =0%)[10]
14 4 m Exp. (MC =40%)[10]

—— Pred. {(MC = 0%)

12 4 Pred. (MC = 40%)

10 4
8-

Lateral spread rate (cm/h)

measured

No spreaa

0 T 1 1 T
0 20 40 60 80

IC (%)

100

Fig. 5. Comparison of predicted and measured lateral spread rates: (a) versus MC; (b) versus IC. Lines represent predictions, symbols represent measurements in

Christensen et al. [10], and error bars represent experimental uncertainties;
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(b)
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Fig. 6. Comparison of predicted and measured smouldering width: (a) versus MC; (b) versus IC. Lines represent predictions, symbols represent measurements in
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To better illustrate the influence of oxygen supply, we calculated the
variation of S, and Sy with the normalized diffusivity of oxidiser as
shown in Fig. 10. It is seen that both lateral spread rate and in-depth
spread rate are linearly correlated with the normalized diffusivity,
which confirms the validity of Eq.(21) and further demonstrates that
oxygen supply is a controlling mechanism in both lateral and in-depth
spread.

Comparison shows that S; is approximately 10-13 times greater than
Sq as normalised diffusivity varies from 0.7 to 1.3. This is because ox-
ygen supply for the near-surface lateral spread is significantly faster than
in-depth spread. Although the environmental cooling for the lateral
spread is also greater, the oxygen supply is the dominant factor that
influences the smouldering spread rate, unless it is near the extinction
limit [16,32]. However, the effect of changing diffusivity, thus changing
oxygen supply, in lateral spread is 50% more significant than in in-depth
spread, showing a higher sensitivity of lateral spread than in-depth

spread towards the change of oxygen supply. Therefore the ratio of S
to Sy varies with diffusivity, it increases from 10 to 13, as normalised
diffusivity increases from 0.7 to 1.3.

Fig. 11(a) shows individual effect of MC and IC on lateral and in-
depth spread rates. Solid lines demonstrate the effect of moisture (in
the simulations IC is set to 0%), whereas dash lines demonstrate the
effect of inorganic matters (in the simulations MC is set to 0%). It is seen
that in terms of lateral spread, moisture has a significantly larger in-
fluence than inorganic matters. S; decreases by ~ 60 % as the mass
fraction of moisture (Y,) increases from 0 to 40% whereas the same
amount of increase in inorganic matter (Y;) only brings about ~ 20%
reduction of Sj.

Regarding in-depth spread, the influence of inorganic matters is
slightly larger than moisture. Sq reduced by 27% as Y; increased from
0 to 40% and by 20% as Y,, increased from 0 to 40%. This is because in-
depth spread is more sensitive to oxygen diffusion inside peat sample
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(beneath the free surface). The moisture inside the sample evaporates thus slowing down the diffusion of air inside the porous media [33,34].
after drying and leaves the channels (pores) open to oxygen diffusion, The effect of inorganic matters and moisture on S, /S, is presented in
while the inorganic matters stay during the whole smouldering process Fig. 11(b). S,/S4 stays relatively stable as Y; varies because inorganic
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matters have a similar effect on S; and S4. By comparison, S;/Sq de-
creases by ~ 50% as Yy, increases from 0 to 40%, which is due to its
significant influence on ;.

It is noteworthy that the influence of inorganic density and moisture
on lateral spread rate can be explained by a unified parameter, heat sink
density [35]. Heat sink density (or thermal inertia, AHr, see Eq.(A10)) is
the amount of energy required to heat the soil to a typical peak
smouldering, which can be defined as the enthalpy change, per unit
volume, to a typical peak smouldering temperature for peat. The
parameter values used in Eq. (A10) were obtained from Christensen
[35], and shown in Table.

Fig. 12 demonstrates the relations between lateral spread and heat
sink density. It is seen that there is highly correlated linearity between
lateral spread rate and the inverse of heat sink density, with R? values of
0.97 for inorganic content and 0.98 for moisture content. This linear
relation was also found in the experiments of Christensen, Hu et al., and
Prat-Guitart et al. [35-37].
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4. Conclusions

We computationally study the two-dimensional smouldering spread of
peat at different conditions. Based on Gpyro, a two-dimensional model is
built to simulate experiments conducted in a shallow reactor, and the
model reasonably predicts the experiments of Christensen et al. [10]
(average error of 20%). Based on the validated model, we further simulate
a three times deeper layer. It is the first time that the lateral spread and in-
depth spread of smouldering are simulated simultaneously. Due to the
difference of oxygen supply at free surface and in-depth, the lateral spread
is about 10 times faster than the in-depth spread. Besides, lateral spread
rate has a strong linear correlation (R? = 0.98) with the inverse of heat
sink density, which is the amount of energy required to heat the soil to
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to the web version of this article.)
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peak smouldering temperature. The influence of inorganic density and
moisture on lateral spread rate can be explained by this unified parameter,
which confirms with the experimental results [35]. The findings help
understand the controlling mechanism for multidimensional spread of
smouldering peat wildfires and provide insights on this complex phe-
nomenon, which is not well captured by previous 1D models [7,8,16].
These findings show the potential of the 2D model to improve under-
standing. With a model, the individual effect of peat conditions on
multidimensional spread of smouldering can be investigated with a rela-
tively low resources (for instance, compared to experimental study),
advancing the studies on smouldering.
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Equation developed in [35] where T, is the smouldering temperature,T., is the temperature of evaporation, AH, is the heat of pyrolysis, and AH,,

Table Al

List of values used for calculating heat sink density.
Variable Value Unit Description
Cw 4186 J/kg-K Specific heat of water
Co 1840 J/kg-K Specific heat of organic matter
¢ 920 J/kg-K Specific heat of inorganic matter
To 20 °C Initial temperature
Tev 100 °C Temperature of water evaporation
Tsm 550 °C Temperature increase to peak value in smouldering
AH,, 2256 kJ/kg Latent heat of water vaporisation
AH, 500 kJ/kg Heat of pyrolysis

10
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is the heat of evaporation.
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