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Abstract

As an organic porous material, peat is prone to self-heating ignition, the type of
spontaneous initiation of fire that can take place at ambient temperature and without any
external event. The ignition and subsequent smouldering combustion of peat can lead to large-
scale peatland fires, causing environmental and climate problems. Despite the urgency to tackle
peat fires, the understanding of self-heating ignition of peat is insufficient with only a few
previous studies. In this study, a computational model that integrates the mechanisms of heat
transfer, mass transfer, and chemistry is incorporated with a 3-step reaction scheme to simulate
the self-heating ignition of smouldering peat fires. The model is first validated against 13 lab-
scale experiments from literature. For critical ignition temperature (7ig), the model gives
accurate predictions for all experiments (covering a range of sample sizes and inert contents)
with a maximum error of 5 °C. The validated model is then upscaled to predict Tig for field-size
peat soil layers and compared to the model using a 1-step scheme. By considering two
exothermic processes (biological reaction and chemical oxidation) separately, the 3-step model
is shown to give more reliable predictions of Tig than the 1-step scheme. According to the
simulation results, for a 1.5 m deep peat layer, self-heating ignition can occur at an average
ambient temperature of 40 °C. It is the first time that a multi-step scheme is used to simulate
the self-heating ignition of smouldering peat fires, aiming to help in the prevention and
mitigation of these wildfires.

Additional Key words: Ignition, Peatland, Oven-basket experiments, Wildfires
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Introduction

Peat is a porous carbon-rich soil, primarily found in tropical and boreal regions. It is made
of natural accumulation of partially decomposed organic matter. Peatlands cover only 3% of
the Earth's land surface, but store 25% of the carbon in the terrestrial system (Page et al. 2011).
The amount of carbon stored in peatlands is three times of that in Earth’s forests and almost
equals that in the atmosphere (Benscoter and Wieder 2003).

Peat has a propensity to smouldering combustion, which can lead to large-scale peat
wildfires (Turetsky et al. 2014). As the most persistent fires in nature, smouldering peat fires
can burn in relatively wet conditions and spread underground and therefore might persist for
days, months, or even years despite rainfall or firefighting attempts (Rein 2013; Huang and
Rein 2014, 2015). Due to their long duration and increasing frequency, peat wildfires are a
known natural hazard that threatens both people and the environment. In 1997, the mega peat
fires in Indonesia burned off a staggering amount of carbon, approximately 15% of the
equivalent anthropogenic greenhouse emissions in the same year (Poulter et al. 2006; Page et
al. 2011). Climate change in turn can make the carbon-rich soil drier and hotter, increasing the
possibility for peat fires to occur and further changing the climate (Rein 2013) . Peatland fires
can also cause regional haze events (e.g. recent megafires in Southeast Asia, North America and
Northeast Europe). As smouldering releases larger emissions of CO, CH4, and particulate matter
per unit area than flaming combustion, the haze caused by peat wildfires can be more
concerning than the emissions caused by flaming wildfires (Bertschi and Jafte 2005; Rein 2013;
Hu et al. 2018).

Peat smouldering fires could be initiated by self-heating. The self-heating propensity is a
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common characteristic of organic soils (Luangwilai et al. 2013; Santana and Gonzalez 2015;
Aganetti et al. 2016) and has been identified in different experimental studies. Ranneklev and
Baath (2003) detected the self-heating reactions of peat at low temperatures (25-55 °C) in
microscale experiments and it was found that these reactions lead to a spontaneous and
significant increase of temperature. Hinninen (2017) investigated self-heating phenomenon in
peat stock and pointed out that temperature rise is relevant to the stock size. The self-heating
propensity can lead to the ignition of peat when the rate of heat generation through the self-
heating reactions is larger than the heat dissipated to the surroundings. It is believed that the
field-scale peat fires occurring at Tablas De Daimel (Spain) in 2009 were caused by self-heating
ignition (Moreno et al. 2010), a conclusion supported by enough scientific evidence.
Oven-basket experiment is a commonly used experimental technique to assess the self-
heating and ignition hazard of porous media. This experiment aims to measure the critical
surrounding temperature (referred to as 7igin this paper) that triggers the ignition of the dust
bulk (CEN 2006). Recently, Restuccia et al. (2017) conducted the first experimental study on
peat self-heating ignition with this technique. Using sand as the surrogate of inert matter in peat,
they investigated the influence of inert matter on Tig at different sizes. Based on Frank-
Kamenetskii theory of ignition, a set of kinetic parameters were determined for peat samples
with different inert contents to predict the critical ignition temperature for real size peat soil
layers.
Frank-Kamenetskii theory is widely used to extrapolate the T} obtained from lab-scale
experiments to large-scale cases. However, for natural peatland system, this theory is not

suitable. First, Frank-Kamenetskii theory is based on a simplified analytical model which
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assumes that self-heating ignition is not limited by oxygen and the reaction rate is independent
of oxygen. For large-scale peatland layers, this assumption is not tenable. Natural peatland
layers are normally metres deep and they have a large tortuosity that slows down the oxygen
diffusion from the ambient surface to deep down in peat layers. Therefore, oxygen access at the
bottom of the large peat layer is limited. To better simulate the oxidation occurring between
peat and oxygen (the driving reaction during peat self-heating ignition), the oxygen diffusion
and the influence of oxygen on reaction rate should be considered in the computational study.
More importantly, Frank- Kamenetskii used a lumped global 1-step reaction scheme to describe
the self-heating ignition process. However, as shown in the literature (Sparling 1981; Ranneklev
and Baath 2003), there are two different types exothermic reactions occurring during this
process: biological reaction and chemical oxidative reaction. At low temperatures (usually <
100 °C), the respiration and growth of psychrophilic, mesophilic and thermophilic micro-
organisms (Pietikainen et al. 2005) can generate a significant amount of heat and this overall
exothermic process in peat is referred to as biological reaction (Sparling 1981). At high
temperatures (when micrograms die), the chemical oxidation of the biomass accelerates
drastically due to the Arrhenius’s effect and becomes the dominant exothermic process.

To give a better prediction of Tig and transient characteristics during peat self-heating
ignition, a computational model that can simulate the complex physical and chemical processes
(i.e mass transfer, heat transfer and multi-step reactions) is required. In this study, we build such
a model based on the open-source code Gpyro and incorporate a 3-step reaction scheme
( including both biological reaction, chemical oxidation, and drying ) to study the multi-step

effect. The model is first validated against microscale experiments of (Sparling 1981) and
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mesoscale experiments of (Restuccia ef al. 2017) respectively. Based on the validated model,

we simulate the self-heating ignition of field-size peat layers for the first time.

Computational model

Since the simulation of Restuccia et al. (2017)’s experiments is the starting point of this
study, a brief introduction of the experimental study is given here. In these oven-basket
experiments, commercial peat samples were first oven-dried at 80 °C for 48 h with a resulting
moisture content (MC) of 5% (Huang et al. 2016) Restuccia et al. (2017) . Then inert fine
grained silica sand was mixed with peat at different ratios. The inert silica was used to represent
the inert matters (such as minerals) in natural peat layers. Inert matters enhance the heat transfer
of the mixture via its higher heat conductivity than peat. They are therefore an important factor
that affects the self-heating (Restuccia ef al. 2017). To quantify the inert matters in the peatland

system, inorganic content (IC) is introduced and the definition of it is shown in Eq.(1)..

IC = minert ( 1)
m +m.

organic inert

After the mixing procedure, the sample was packed into cubic shaped wire mesh (0.5 mm
diameter) basket, which was hung in an isothermal oven with constant temperature for 8 hours.
The oven temperature was increased between runs until ignition occurs. A thermocouple was
placed in the centre of the sample to monitor the temperature history during the whole
experiment. The ignition is considered to occur when the centre temperature of the sample is
60 °C higher than the oven ambient temperature, according to British Standards EN 15188:2007
(DIN). The time when the sample temperature reaches the aforementioned ignition criterion is

defined as the time to ignition in this study. The critical minimum oven temperature that triggers
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the ignition of the sample is referred to as Tig, the key indicator to quantify the self-heating
propensity of a material.

In order to investigate the influence of size and IC on the characteristic of self-heating
ignition, 4 different sizes of baskets (The volumes of baskets used in the experiments are 131,
442, 1049 and 3540 cm?, corresponding to the side length L = 51, 76, 102, 152 mm respectively )
were used and samples with 4 different inorganic content (IC) (IC= 3%, 35%, 51%, 86%) were
tested. In these experiments, the density of the soil mixture increases nearly linearly for IC up
to 50%. After this, the space taken up by the IC becomes too large for the pores to contain, and
the organic content present per unit volume decrease, meaning that the samples above 50% IC
are slightly compressed to ensure volume of the baskets remain constant.

The schematic of the experimental setup is shown in Figure 1. By taking advantage of the
geometrical symmetry of the experimental configuration, a 2-dimensional model is here. The
choice of the dimensions is justified as follows: since the effect of gravity is considered (the
gravity vector is in the z-direction), the dimension in the vertical direction (z) cannot be ignored.
As the symmetry in x and y axis is both in geometry and for boundary conditions, either x or y
can be reduced. The dimension in the x direction is therefore arbitrarily chosen to be considered.
To save computational cost and time, the computation domain can be a half of the real sample
as shown in Figure 1.

The governing equations used to solve this self-heating problem are Eqs.(2)-(7), which
impose conservations of (2) mass, (3) species and (4) energy in condensed phase as well as (5)
mass, (6) species, and (7) momentum (Darcy’s law) in gas phase. Eq.(4)and Eq.(6) are two key

equations in the simulation. They are responsible for the calculation of heat transfer and oxygen
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transport. Oxygen transport can be important in the self-heating ignition of porous fuel layers.
The consideration of oxygen transport in the model can lead to a more accurate prediction of
Tig(Wu et al. 2016) and of the hot spot movement (Yuan et al. 2020a) as shown in the literature.
A detailed description of how oxygen transport is calculated in the model has been reported in
our previous work (Yuan et al. 2020a).

Subscript z and x refer to vertical and horizontal directions respectively. Subscript i and j
refer to condensed species and gas species respectively. In this work, i can be water/peat/sand
and j can be oxygen/nitrogen/gaseous products. All the other symbols are explained in the

nomenclature. The detailed mathematical formulation of Gpyro can be found in (Lautenberger

2014).
a_ N/
E:—a)fg (2)
o(pY.
P4)_ oo ®
o(ph
G )=k3(a—Tj+kﬁ(aTj ol (—AH.) 4)
ot OX\_oX oz\ oz
a 14 a'” "
—( ¢) . = Wy (5)
6 A a . aY 1 N
E(ngj)'i_&(mx'Yj)'i_ ox j (¢pg eff oz j+a)fj _a)dj (6)
. K ,0p .k Op PM
m=——(—-— m'=—-—2 = 7
; v(az gp,) My e (pg nT j (7)

The boundary conditions and initial conditions required to solve the problem are as follow:
For the symmetrical plane (i.e x=0) , adiabatic boundary condition ( Eq.(8) ) is used for energy
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conservation equation and impermeable boundary condition ( Eq.(9) ) is used for the calculation
of gas species. At free surfaces both convective and radiative heat transfer are considered

( Eq.(10) and (12) ). An empirical heat transfer coefficient (hc=10W/m?K) (Wu et al. 2019) is

used here and the emissivity (&) of peat is 0.95 (Huang and Rein 2014). The gas transport is on

the free surfaces is calculated through Eq.(11) and Eq.(13). mis mass transfer coefficient, which
can be calculated by An= h/Cg according to mass-heat transport analogy (Lautenberger and
Fernandez-Pello 2009). Cg, the specific heat capacity for gas species, is assumed to be 1100

J/kg-K as a constant (Lautenberger and Fernandez-Pello 2009) in the simulations.

oT
k— =0
X |, ®)
-
l//pg eff 8X X=0 - (9)
oT
K ox =N, (T |x:|_/2 ~ Toven ) — &0 (T ) " —Toten ) (10)
x=L/2
_ oY .
VP Pert 8_)(J . =h, (Yj —YJ. quz) (11)
oT 3 . .
k = o =-h, (T|Z:O,L —T e ) - &0 (T ‘Z:O,L —Toven) (12)
1/ aYJ o0
D7 =My (v, (13)
z=0,L

The initial temperature for the sample and the air is 20 °C. Toven was measured and reported
in the experiments. The whole computational domain, including the pores inside the dust, has
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the same initial gas composition as the ambient air (Yo = 0.23/ Yn = 0.77).

Chemical kinetics

The 3-step reaction scheme used to describe the chemical processes during self-heating

ignition of smouldering peat fire is given by Eq.(14) -(16)

There is an endothermic process occurring in natural peatland: drying ( Eq. (14) ). Peat can
hold a wide range of moisture contents (MC) ranging from about 10% under drought conditions
to well in excess of 300% under flooded conditions (Huang and Rein 2016). The evaporation
of moisture absorbs heat generated from the two exothermic reactions and can therefore
influence self-heating ignition.

Peat-H,0 — Peat+H,0

(14)
Peat(bio) +v,, O, —» (1+v,,) gases (15)
Peat+v,, , O, —» (1+v,,, —V, ) Gases+v,  Residue (16)

There are two main sources of heat generation: biological reaction (Eq.(15)) (Nelson et al.
2003; Khanahmadi et al. 2004) and chemical oxidation (Eq.(16)) (Sparling 1981; Ranneklev
and Baath 2003). The biological reaction here refers to the overall exothermic process during
the respiration and growth of micro-organisms (Pietikainen et al. 2005) and it is proposed based
on experimental studies in the literature (Koenig and Bari 2000; Pietikainen et al. 2005). The
biological reaction is an aerobic process which occur at the ambient temperature < 100 °C,
above which the micro-organisms die. On average, the biodegradable content ( referred to as
peat(bio) in Eq.(15) ) accounts for ~ 20% of the mass fraction in organic matter as reported in
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the experimental study of (Koenig and Bari 2000), the unbiodegradable peat and residue
(account for 80% of the mass fraction of the peat sample) remain intact at biological reaction
stage.

The other exothermic process is the chemical oxidation of peat. This reaction also
contributes to the heat generation at low temperatures (Hogland and Marques 2003), but the
effect of it is not significant until the temperature increases to high levels (normally > 150 °C),
where the chemical oxidation accelerates and becomes dominant (Ranneklev and Baath 2003).

1 (kg) peat+v,, (kg) O, = (1+v,, —V,) (kg) Gases +V,(kg) residue (17)

In previous studies (Restuccia et al. 2017; Yuan et al. 2019b), these two exothermic
processes are incorporated into a 1-step global reaction scheme (Eqg.(17)), which is not able to
describe the different characteristics of the biological reaction and chemical oxidation,
especially their different active temperature ranges and the transition mechanism: the heat
generated from biological reaction accumulates and then triggers chemical oxidation, which
eventually leads to the smouldering fires. This is a two-stage process, where the low
temperature reaction serves as the step to the high temperature reaction (Li et al. 2016; Yuan et
al. 2020b).To demonstrate the multi-step effect during self-heating ignition of peat wildfires
and justify the application of the scheme at field-scale scenarios, the comparison between the

multi-step scheme and 1-step scheme are given in the latter sections.

Parametrization for chemistry

For heterogeneous reactions stoichiometry is usually given on a mass basis rather than
molar basis (Ohlemiller 1985). For example, the reaction k of condensed species reactant (R)

in mass basis is given by Eq.(18) (Huang and Rein 2015) :
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N N
R, + D Vi gas = vy, R+ ) Vi gas] (18)

j=L j=L

where vex = (pr/pr -1)yr. xx quantifies the shrinkage or expansion.

The reaction rates of drying and chemical oxidation have Arrhenius’s form (Huang and
Rein 2014; Restuccia et al. 2017). The calculation of reactions follows the method reported in
the literature (Lautenberger ef al. 2006; Huang and Rein 2015). The destruction rate of species

R in the reaction £ is given by Eqs (19) and (20).

a-)g’; _ (ﬁYRAZ)}: Ake—E/RT (EYRAZ) ' Yono,k (19)
‘ AZ (,BYRAZ)Z
t
(PYRAZ); = (PYRAZ)| o + [ wkAZ dT (20)
0

" LN/

The formation rate of the solid species product(P) is @f, = Vg, @y, -

For the biological reaction occurring in peat, there is an optimum temperature for reaction
rate (Pietikainen ef al. 2005). Below this temperature the reaction rate is a monotonically
increasing function of temperature. Above this temperature, the reaction rate decreases,
representing the fact that micro-organisms die or become dormant at high temperatures. For
this reaction characteristic, the traditional Arrhenius law is not suitable. Instead Eq.(21) is
applied here to calculate the biological reaction rate as used in previous studies (Moraga ef al.
2009; Luangwilai et al. 2013)

e—El/RT N N
Ai Y R,kYOO,k (21)

Oy = PV —
Rk = P R1+A2e7E2/RT R

A1 and E are pre-exponential factor and activation energy for exothermic micro-organism
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activities. 42 and E» are pre-exponential factor and activation energy for the inhibition of
exothermic micro-organism activities.

The values for all the chemical parameters used in the multi-step scheme are listed in
Table 1. For the biological reaction, there are computational and experimental studies
conducted before (Mariano et al. 1995; Zambra et al. 2011; Zambra et al. 2012), which reported
the value or value range for each parameter. For the parameters (E»1, As1, Eb2, Ab2) where value
ranges are given, their parametrization follows the method used in (Rein et al. PROCI 2005)
and they are calibrated to ensure active temperature range reported in (Pietikainene et al. 2005)
and the heat generated rate reported in (Sparling 1981) can be well predicted.

Using the parameters listed in

Table 1, a TGA experiment for peat sample at a heating rate of 0.5 °C/min is simulated and
the simulation is compared with the only microcalorimetry (Sparling 1981) that the authors
found in literature for peat to demonstrate the validity of the parametrization.

As shown in Figure 2, the reaction increases with temperature and then decreases to
negligible values after 80 °C. This trend well characterises the temperature dependence of
biological reaction rate as discussed before. The max reaction rate occurs at 50 °C, which is
within the optimum temperature range (45°C-60°C) reported in (Pietikainen et al. 2005). A more
quantitative validation is given by the comparison with the microscale calorimetry experiment

in (Sparling 1981). It is shown in (Sparling 1981) that the heat generation rate due to the

_35uW/g

biological reaction is 35 uW/g peat at 22 °C, equivalent to 5x107 1/s ( 7 MI/ke

). This is very

close to the simulated value as shown in Figure 2. Regarding the stoichiometry of oxygen

consumption, the generation of 14 MJ of biological heat consumes 1 kg of oxygen as shown
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in the literature (Sparling 1981; Koenig and Bari 2000). For 1kg of organic soil that can generate
7 M1 heat, 0.5 kg of oxygen is required in the biological reaction.

For drying and oxidative reactions, the kinetic parameters are obtained from the work
conducted previously using the same type of peat (Restuccia et al. 2017; Huang and Rein 2019).
Among the kinetic parameters for oxidative reaction, E is optimized here because the
uncertainty of £ can lead to a significant difference in simulating results (Yuan et al. 2019a).
Therefore, it is better to calibrate this value rather than the other values. A detailed discussion
on this point has been given in our previous sensitivity analysis (Yuan et al. 2019a). The
parametrization for the oxidation reaction is justified by the good agreement between the
simulations of oven-basket experiments with experimental measurements (where the biological
reaction stops, and only chemical oxidation is active) as shown later in the section Validation

against experiments.

Parametrization for heat and mass transfer

The thermo-physical parameters of water, peat, and residue sand are listed in Table 2,
where subscript w/p/r/s represent water/peat/residue/sand respectively. For the water and
residue, all the thermo-physical properties required in the simulations are taken from (Huang
and Rein 2019). For peat, the heat conductivity and specific heat capacity are from (Huang and
Rein 2019), the bulk density and porosity are obtained directly from the original experimental
study (Restuccia et al. 2017), and the tortuosity is from (Rezanezhad et al. 2009). Tortuosity (7)
is a term used to define the ratio of actual average length (L) of the channel of fluid flow to
straight-line length (Lstraight) across the medium in the porous material as shown in Eq.(22) . It
is a parameter that influences the mass diffusion of gas species. For example, the material with
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larger tortuosity has a smaller diffusivity. This influence is quantified by introducing effective
mass diffusivity as shown in Eq.(23) (Epstein 1989). The effective diffusivity (Defr) is the
product of the diffusivity (Dsee) of gas species in the free space and 1/72. The Defr is the
diffusivity used in gas phase mass conservation equation ( Eq.(6) ) and corresponding boundary

conditions.

L
7= (22)
I-straight
2
Deff =(lj Dfree (23)
T

For sand, most of thermo-physical properties are obtained from literature (Somerton 1958;
Kiyohashi ef al. 2004) except for bulk density(ps) which was measured in (Restuccia et al.
2017).

The thermo-physical properties of all the species are assumed to be constant. All gaseous
species have unit Schmidt number and equal free diffusion coefficient and specific heat. For the
cases where water, peat, and sand are mixed, the averaged properties in each cell are calculated
by weighting appropriate mass (Yi) or volume fractions (Xi) [11], where i refers to peat, sand or

water. For example,

c=XYc, p=>X.p, k=X Xk, =3 X1, (24)

Validation against experiments

In the simulations, the oven temperature was increased with an increment of 2 °C until an

ignition is observed. The experiments of Restuccia et al. (2017) used the criterion in the
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Standards EN 15188:2007 (i.e 60 °C higher than 7oven). To make a fair comparison, the same
ignition criterion is used in the model validation and simulations for consistency. The moisture
content is 5% for the peat sample after the pre-heating process (See Section Computational
model). A grid/time step independence study was conducted to ensure that the simulation results
are not dependent on grid size or time step. Details can be found in our previous study (Yuan et

al. 2019a). The solution starts to converge at Az= Ax=0.1 mm and At=0.01 s. Further

decreasing grid size or time step does not affect simulation results much but significantly
increases computational time. Thus, the simulations in this section are conducted at this grid
size and time step.

The model simulates all 13 experiments covering 4 sample sizes (L= 51, 76, 102, and 152
mm) and 4 IC values (IC = 3, 35, 51, and 86%). The simulations demonstrate a good agreement
with experiments on Tig. The comparison results for two middle-sized cases (L=76 mm) are
shown in Figure 3 as examples of validation. Figure 3 (a) displays results at 3% IC. When the
oven temperature is 158 °C, no ignition occurs as the central temperature flattens out after 200
min. When the temperature is increased to 164 °C, the sample temperature starts to increase
rapidly after 150 min and reaches 224°C (the criterion of ignition, i.e 60 °C higher than Toven)
within 20 min. The model reasonably predicts the temperature trends at both subcritical and
supercritical conditions. The good agreement between prediction and experimental data can
also be observed for the case of IC=51% and L=76 mm as shown in Figure 3 (b). In this case,
the Tigis 166 °C, while the time to ignition is approximately 230 min. It is seen that the model
is able to predict the critical ignition temperature (7ig), temperature trend and the time to ignition
for peat layers.
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In order to demonstrate the transient self-heating characteristics in 2D geometry, the
transient profiles of temperature, oxygen, reaction rates, and the mass fraction of peat (¥p) for
the case of IC=3% and L= 76mm at supercritical condition (corresponds to the red curve in
Fig.2(a) ) are shown in Figure 4 to 8.

Figure 4 shows the transient temperature change in the whole computational domain from
155 to 175 min. At t=155 min, when ignition occurs, a hot region emerges at the sample center.
As the ignition proceeds, the hot region grows from the center to the whole sample. At t= 175
min, for the majority of the sample the temperature is higher than 220 °C, indicating the
occurrence of ignition. Figure S is the transient profile of oxygen during the same period time.
At t =155 min, the oxygen concentration at the sample center approaches 0% , indicating that
oxygen has been consumed and the consumption rate is larger than diffusion rate. Afterwards,
the consumption of oxygen accelerates and the oxygen-depleted area (Yo = 0) spreads from the
center of the sample to almost the whole sample. The rapid depletion of oxygen in the sample
is caused by chemical oxidation rather than biological reaction as shown clearly by comparing
Figure 6 and Figure 7: Between t = 155 min to t = 175 min, the reaction rate of biological
reaction is zero ( Figure 6 ) because most of microorganisms die at pre-drying process and the
biological activities stop at high oven temperatures (temperature > 150 °C), (See Figure 2). At
the same time, chemical oxidation accelerates rapidly, and the circular reaction zone moves
from the center to the periphery. This is because the oxygen is depleted at the center area, so
the reaction zone spreads to the free surface seeking for oxygen supply (Yuan ef al. 2020a).

Figure 8 shows the transient profiles of Yw (mass fraction of water). As moisture content

is only 5% , water evaporates quickly in the oven and at t = 175 min peat sample has been dried
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completely. Figure 9 shows the transient profiles of Yp (mass fraction of original peat). Until t
= 175 min, the consumption of peat is still very small ( less than 0.5% ), agreeing with classical
self-heating theory (Bowes 1984) and previous studies on other self-heating materials
(Krishnaswamy et al. 1996) .The predictions of Tig for all 13 experiments are compared with
the experimental data in (Restuccia et al. 2017) and with the predictions using the 1-step scheme
(i.e Eq.(17)). Simulations show a satisfactory agreement with experimental measurements, with
an average error less than 5 °C. The effect of inorganic content is also predicted correctly by
the model. Tigincreases with IC and the increase of Tig can be up to 30°C when IC increases
from 3% to 86%. The influence of inorganic content consists of two aspects. Firstly, inorganic
content dilutes the reactive components in the soil mixture. As a result, the heat of reaction for
the mixture decreases with increasing IC. Therefore, a higher 7igis required to trigger ignition
due to the deceasing reactivity of the mixture. In addition, mixing peat with sand reduces the
oxygen diffusion rate in the sample. As shown in Table 2, sand (zz=100) has much larger
tortuosity than peat (z,=3.3). Thus, for the sample with a large amount of IC like sand, oxygen
is hard to diffuse into the sample, and the ignition threshold temperature therefore increases.
The comparison between the 3-step scheme and 1-step scheme shows that the
predictions of the two schemes are very close and the difference is within 3 °C. Despite the
simplification, the 1-step scheme is still able to predict 7ig for self-heating ignition of peat in
the experiments. This is because drying and biological reaction don’t have significant influence
in those experiments (Restuccia ef al. 2017): the peat tested in the oven has been preheated and
the moisture content is only 5%, very similar to a dry sample. In addition, due to the pre-heating

procedure and high oven temperature, the biological reaction rate is almost zero (See Figure
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6), the effect of which is negligible. However, in field-scale natural peatland, drying and
biological reaction would have a significant influence on self-heating ignition, which requires

a multi-step scheme. Further comparison and discussion will be given in the next section.

Prediction of critical ignition temperature for natural peat layers at field scale

Natural peat layers are typically several kilometers wide, but no deeper than 20 m (Page
et al. 2011). Since the thickness (L) of the layer is normally one order of magnitude smaller
than the width, the natural peat layer can be regarded as a semi-finite plane in the simulation
(see Figure 11). Our simulations of self-heating ignition in natural peat layers are based on the
validated model presented before with some specific assumptions for field-scale peat layers:
The heat transfer and mass transfer in horizontal direction can be neglected due to the semi-
finite approximation and a 1D model therefore is used here. In terms of boundary conditions,
for the free surface on top, we consider the heat convection, heat radiation and mass transfer by
diffusion between the ambient and the free surface using Eq.(25) and (26) (Huang et al. 2015).
For the bottom, an arbitrary small amount of heat losses (3 W/m?K) ( Eq.(27) ) is considered to
account for the heat loss through the water table and the impermeable boundary ( Eq.(28) ) is
applied for the mass transfer of gas species. To save on computational cost, the grid size and

time step used in the field-scale simulations are Az = 1 mm and Is respectively. The

preliminary simulations show that the predication of critical ignition temperature is still
accurate at this grid size and time step. For a typical field-scale case, it takes 20 hours using an

Intel 17-6700HQ (2.60 GHzx4) CPU.

LN (T]
62 z=L

T

amb

=L

)-eo(T|_ ~Tus) (25)
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We simulate the self-heating ignition of peat layers at three different thickness (0.5m, Im,
and, 1.5m) with a wide range of IC (3-86%) in both dry and wet conditions. The Tig (the average
ambient temperature that triggers the ignition) predicted for dry condition are compared with
the predictions by 1-step scheme in Figure 12.

According to the simulations of 3-step scheme, 7Tig decreases significantly with the layer
thickness. At L=0.5m, Tigis around 90 °C even at a very low IC. For a peatland layer with this
thickness, self-heating ignition would not occur as the ambient temperature in natural peatland
does not exceed 50 °C. However, at L=1.5 m, the Tig can be less than 40 °C within a wide range
of IC values (from 3% of IC to 45% of IC). 40°C is a temperature possible in the hot season of
tropical areas. In other words, the self-heating ignition is possible for L > 1.5 m in dry conditions.
Comparing the computational simulations with the predictions of the 1-step scheme, it is found
that for the case of L= 0.5 m, the Tigs predicted by the two methods are still close and the
predicting difference is less than 13 °C. However, as L increases, the Tig calculated by the 1-step
scheme becomes significantly higher than the prediction of the computational model and the
difference can be up to 40 °C at L=1.5 m. This difference is because the two exothermic
reactions that occur at different temperature ranges are not well characterized by the lumped 1-
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step reaction scheme, especially for the biological reaction, which does not follow the Arrenhius
law and has a low active temperature range ( as shown in the section of Chemical kinetics). In
the small-size scenario, where the critical temperature is high (> 100 °C) and the self-heating
ignition is mainly influenced by the chemical oxidation of peat, the one-step reaction scheme
could be applicable (See Figure 10). However, as the sample size increases, the critical
temperature deceases significantly. The effect of the biological reaction becomes more
important and therefore needs to be considered separately using a multi-step scheme.
Neglecting the exothermic reaction initiating at low temperature range can lead to over-
predictions of Tig.

The predicted Tig for dry and wet layers are compared in Figure 13. The moisture content
100% is used as it is a representative moisture content for natural wet peatland as shown in (Hu
et al. 2019). According to the simulations, moisture content raises the temperature thresholds
of self-heating ignition, and the influence of MC is more significant as IC increases. The Tig is
15 to 20 °C higher in wet conditions than in dry conditions when IC is less than 50%. Once IC
increases to 80%, the difference in Tig between these two conditions can be up to 35 °C (at L =
1.5 m). Considering the influence of drying, the 7ig can still be less than 40 °C for the IC ranging
from 3% to 20%.

The effect of different reactions for field-scale peat layer is further analyzed in Figure 14
and Figure 15. These two figures present the predicted transient profiles of reaction rates,
temperature, and oxygen concentration for a peat layer with L=1.5 m, MC = 100%, IC = 3%,
and Tamb = 40 °C. It is seen in Figure 14 (a) that drying is the main reaction at initial stage and

its reaction front spreads from top to bottom. Following the drying front is the front of biological
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reaction. At this stage, the accumulation of the heat generated by biological reaction is still
small. From the free surface to the reaction front of drying, the situation can be regarded as
quasi-steady state heat transfer (with no internal heat source). Therefore, the temperature profile
from the top to the reaction front of drying is almost linear. However, after 190 days (by
scrutinizing the last two sub-figures of Fig. 14 we can find that) the profiles start to curve
because the influence of heat generation from biological reaction become significant, and
therefore the situation cannot be regarded as a simple heat transfer problem any longer. The
heat accumulation leads to the acceleration of the drying process and further temperature
increase.

At a later stage (shown in Figure 15) all the water in the peat layer has evaporated and
the temperature of the lower layer rises to more than 100 °C. The rate of biological reaction
diminishes and approaches 0 as a result of the death or dormancy of micro-organisms. However,
heat is still being generated and accumulated due to the chemical oxidation, which allows for
the continuous increase of temperature. Because of the Arrhenius effect of oxidative reaction,
this temperature rise results in a greater oxidation rate, which in turn generates more heat.
Eventually, this upward spiral of self-heating mechanism leads to the ignition of whole peat
layers. Following ignition, the reaction front of chemical oxidation moves upward. This is
because the oxygen at the bottom is depleted, so chemical oxidation spreads towards the free
surface to seek oxygen supply. This phenomenon can be regarded as smouldering spread, which

has been discussed in detail (Yuan et al. 2020a).
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Conclusions

In this work, we have developed a physics-based computational model to simulate self-
heating ignition of peat layers at field scale for the first time. The model is validated against 13
lab-scale experiments covering a large range of sample sizes (heights ranging from 51 mm to
152 mm) and soil inert contents (from 3% to 86%). The validation demonstrates that the model
can predict correctly the transient temperature change, the time to ignition, and critical ignition
temperature (7ig). Based on the validated model, we predict Tig for natural peat layers at field
scale and compare the simulations results with the 7Tig predicted by classic 1-step scheme.

The comparison demonstrates that by considering biological and oxidative reactions
separately, the computational model gives a significantly lower prediction of 7igthan the 1-step
scheme at field scale. According to computational simulations, a 1.5 m deep peat layer can be
self-ignited under an average ambient temperature of 40 °C for inorganic contents ranging 3%
to 45% at dry condition and 3% to 20% at wet condition. A further analysis on the multi-step
effect reveals that the heat generated by biological reaction can accumulate in field-scale peat
layer and then trigger the oxidative reaction, which eventually leads to the self-heating ignition
of peat layers, agreeing with the findings in the literature (Zambra et al. 2012; Héanninen 2017).
It is the first time that a multi-step scheme is used to simulate the self-heating ignition of

smouldering peat fires, aiming to help in the prevention and mitigation of these wildfires.
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691 Figure 15 Predicted profiles of reaction rates (a), temperature (b), and oxygen concentration (b) at different
692 time steps for the case L = 1.5 m, MC = 100%, and IC = 3% at Tamb = 40 °C (940-1180 days)
694 Table 1 Kinetic parameters for multi-step scheme used in the simulations.
Parameters Literature value Input values Source
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E4 (kJ/mol) 27 27 (Huang and Rein 2019)
Aar (1/8) 200 200 (Huang and Rein 2019)
Ndr,w 0.5 0.5 (Huang and Rein 2019)
AHg (MJ/kg) 2.26 2.26 (Huang and Rein 2019)
Ep; (kJ/mol) [70.2,100] 92 (Mariano et al. 1995; Zambra et al. 2011)
Apr (1/s) [2.3x10° 2.0x108] 2.0x108 (Zambra et al. 2011; Luangwilai et al. 2013)
Epz (kJ/mol) [200,283] 205 (Mariano et al. 1995; Zambra et al. 2011)
Apz (1/s) [6.8x10%° 6.8x10%] 6.8x10%! (Zambra et al. 2011)
Npp 1 1 (Zambra et al. 2011)
Nb,o 1 1 (Luangwilai et al. 2013)
vio (kg/kg) 0.5 0.5 (Sparling 1981; Zambra et al. 2012)
AH, (MJ/kg) [-7.6,-6.6] -7 (Koenig and Bari 2000; Sidhu et al. 2006;
Zambra et al. 2012)
Eox (kJ/mol) [96.2,195] 106.3 (Restuccia et al. 2017) (Sidhu et al. 2006;
Zambra et al. 2012; Huang and Rein 2019)
Aox (1/8) 8.2x10° 8.2x10° (Restuccia et al. 2017; Huang and Rein 2019)
Nox,p 2.33 2.33 (Restuccia et al. 2017; Huang and Rein 2019)
Nox,o 0.24 0.24 (Huang and Rein 2019)
Voxo (kg/kg) 0.89 0.89 (Huang and Rein 2019)
Vox,r (kg/kg) 0.03 0.03 (Huang and Rein 2019)
AH, (MJ/kg) -11.6 -11.6 (Huang and Rein 2019)
695 « obtained fro m calculation as explained in the text
696  Table 2 The values for thermo-physical parameters of water (subscript w), peat (subscript p), res (subscript
697 r), and sand (subscript s) used in the simulations.
Parameter Symbol Value Source
Porosity Dy (-) 0 (Huang and Rein 2019)
Bulk density pw (kg/m®) 1000 (Huang and Rein 2019)
Heat conductivity kw (W/m-K) 0.6 (Huang and Rein 2019)
Specific heat capacity cw (J/kg-K) 4186 (Huang and Rein 2019)
Tortuosity Tw () n/a n/a
Porosity D, (-) 0.82 (Restuccia et al. 2017)
Bulk density pp (kg/m?) 223 (Restuccia et al. 2017)
Heat conductivity kp (W/m-K) 0.15 (Huang and Rein 2019)
Specific heat capacity ¢p (J/kg-K) 1840 (Huang and Rein 2019)
Tortuosity Tp(-) 3.3 (Rezanezhad et al. 2009)
Porosity D (-) 0.2 (Somerton 1958)
Bulk density ps (kg/m?) 1477 (Restuccia et al. 2017)
Heat conductivity ks (W/m-K) 0.32 (Kiyohashi et al. 2004)
Specific heat capacity ¢s (J/kg-K) 920 (Kiyohashi et al. 2004)
Tortuosity Ts(-) 100 (Somerton 1958)
Porosity D, (-) 0.98 (Huang and Rein 2019)
Bulk density pr (kg/m?) 2500 (Huang and Rein 2019)
Heat conductivity kr (W/m-K) 1.2 (Huang and Rein 2019)
Specific heat capacity cr (J/kg-K) 880 (Huang and Rein 2019)
Tortuosity 1 (-) 3.3" n/a
698
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