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Abstract

In this study, the effect of fuel moisture content (FMC) on the pyrolysis, ignition, and rate of drying
processes of a leaf-like fuel element is numerically investigated. To start the ignition, an upward hot
airflow is placed under the leaf-like fuel source. The dry fuel was considered as cellulose. The current
study is validated against published experimental data, using the time history of fuel mass loss
measurement. The effect of FMC on the mass fraction of oxygen is also investigated. The transient
solver of FireFOAM, which uses the Large Eddy Simulation (LES), is used to perform the numerical
simulations. The results confirm that an increase in the amount of fuel moisture content leads to a
decrease in the rate of spread of the fire and an increase in the drying process time.

It is also found that during both drying and pyrolysis process, different parts of a selected fuel
element have different temperatures. This is mainly due to the decrease of moisture concentration
near the ignition point. Results showed that at t= 6.5 s the volumetric average temperature of the solid
fuel for the case with FMC 26%, is 642 K while for FMC of 34%, this temperature is 605 K.

1. Introduction

Wildfires may result in environmental disasters, and economic damages, including damages to
properties, emission of pollutions, and can trigger climate change by flooding, erosions, and debris
flows (Verma, 2019). Wildfires are also important elements of ecosystem management and functional
ecosystems, despite the fact that they may result in major economic and ecological damages (Menage
etal., 2012).

To tackle and manage the abovementioned problems, people interact with wildfires in various
ways such as setting prescribed fires to reduce their damage (Canfield et al., 2014). Population growth
and higher demand for living closer to forested areas, have made it more crucial to further develop
our understanding of wildfire behaviour and to enhance our ability in predicting fire dynamic
characteristics in different geographical and atmospheric conditions.

Despite years of investigation in the domain of fire science, current knowledge of wildfire
behaviour is still very limited (Finney et al., 2012) due to the variety of complicated physical and
chemical reactions and interactions associated with this natural hazard (Verma, 2019).

The key factor in understanding wildfire hazards and finding the most practical way to deal with
them is to be able to accurately predict the complex physics of the problem including the interaction
and coupling of the driving processes (wind, buoyancy induced flow, combustion, thermal radiation,
thermal degradation of vegetation, etc.). Furthermore, important factors such as topographic and
atmospheric conditions, fuel structure and fuel moisture content (FMC) play critical roles in
determining the dominant behaviour of wildfires (Verma, 2019).

These factors have been examined extensively in the literature, for example: topographic and
atmospheric conditions have been examined by Edalati-nejad et al. (2021), Sharples et al. (2018),
Sullivan et al. (2014), Verma (2019); fuel structure effects, including fire intensity have been
examined by Clark et al. (2020), Edalati-nejad et al. (2022), Frangieh et al. (2020), Fryanova and
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Perminov (2017); and fuel moisture content (FMC) by Moinuddin et al. (2021), Morvan (2013), and
Yashwanth et al. (2016).

Fuel moisture, for instance, has a big impact on the ignition, pyrolysis process, and rate of spread
of wildland fires (Weise & Wright, 2014). Yashwant et al. ( 2014) conducted a numerical study on
the effect of moisture content on pyrolysis and combustion of live fuels. Live fuels were examined
with moisture content varying from 30 to 200%. The chosen fuel was thin cellulosic material with a
dimension of a typical Manzanita (Arctostaphylos glandulosa) leaf that was exposed to a radiant heat
source. Their findings showed that the case with lower moisture content was ignited earlier in time
and resulted in higher solid and gas phase temperatures. Moinuddin et al. (2021) investigated the
effect of relative humidity and fuel moisture content on grassfire propagation. Four sets of grassfire
simulations were examined. Their results indicated that fuels with lower (FMC) were associated with
higher fire intensity and rate of spread values.

The effect of moisture content on autoignition and thermal decomposition of wood was studied by
Gong et al. ( 2020). Beech wood was considered as solid fuel, with fuel moisture contents ranging
from 0% to 38%. It was shown that the in-depth and surface temperatures increased more rapidly
with higher values of heat flux and lower fuel moisture contents. Also, the ignition time increased in
response to increasing fuel moisture content. In another investigation, fire behaviour in leaves and
sparse shrubs was experimentally studied and modelled (Prince, 2014). In this work a model based
on convective heat transfer of fire spread in shrubs was developed based on experimental
measurements. The authors selected four different groups of dry dead leaves, rehydrated dead leaves,
dehydrated live leaves, and fresh live leaves with 4, 26, 34, and 63% fuel moisture content,
respectively. Results revealed that the dead leaves released pyrolysis gas much faster than the live
fuels.

Borujerdi et al. ( 2020) conducted a numerical study of burning of leaves with different fuel
moisture contents exposed to a convective heat source. In their study, ignition, combustion, and
pyrolysis of a solid fuel of manzanita were numerically investigated. Looking at the time history of
heat release rate, it was reported that an increase in fuel moisture content leads to a delay in the
ignition time. It was also shown that a significant amount of moisture remained in the leaf after the
ignition.

The aforementioned investigations have expanded knowledge of the effect of fuel moisture content
on ignition and pyrolysis processes. However, less attention has been paid to the role of rate of
pyrolysis and drying process of a solid fuel on fire propagation. Wildfires involve the ignition and
burning of many solid fuel elements, including leaves, twigs and branches, and so understanding how
the burning of individual solid fuel elements, such as thin cellulosic leaves, is affected by fuel
moisture content can provide detailed insights into how wildfires burn. The objective of this study,
therefore, is to numerically investigate the effect of moisture content on the rate of pyrolysis, fire
spread and drying process for a solid fuel exposed to a convective heat source, at two different fuel
moisture contents of rehydrated dead (26%), and dehydrated live (34%).

2. Physical model

In this study, a cellulose leaf (Yashwanth et al., 2016) is considered as a solid fuel with two
different fuel moisture contents, exposed to a convective heat source, which generates hot gases with
a constant velocity. The computational domain, which has dimensions of 0.18 m (x)x 0.25 m (y) x
0.32 m (z) is shown in Figure 1. A solid fuel leaf is placed in the centre of the computational domain,
0.04 m above the bottom surface of the domain, with dimensions of 23.7 mmx 0.51 mmx 23.7 mm.

A structured mesh with a high-resolution area in the vicinity of the leaf and near the convective
heat source, is used. The convective heat source enters 10 mol% O at 1273K and 0.6 m/s, similar to
the experimental conditions of (Prince, 2014).

To simulate the chemical combustion reaction of pyrolysis gases, a single step reaction of
air/methane is used and showed in eq. 1. This is because the main gas products from the pyrolysis of
vegetative fuels are CO2, CO, and CH4 (Dahale et al., 2013; Yang et al., 2007).



CH, + 20, + 7.5N, - CO, + 2H,0 + 7.5N, 1)

4?

Leaf 0.32 m

Hot gas )

0.18 m

« \1
0.25m :
Figure 1. Schematic of the computational domain.

3. Mathematical and reaction models

In the current study, to solve the governing equations, an open-source solver of OpenFOAM namely
FireFOAM, is used. FireFOAM is a practical and useful tool to simulate fire dynamic behaviour and
pyrolysis reactions (Le et al., 2018). FireFOAM also benefits from having several CFD sub-models
to simulate fire dynamic problems such as radiant and convective heating effects, pyrolysis, and
turbulent and laminar combustion.

In the present study, the Reynolds number, at the inlet of the domain is 1100, which is in the range of
laminar flame. After the ignition, the combustion leads to have the turbulent flow, at the downstream
above the leaf solid fuel. in order to obtain the effects of turbulent flow on the fire behaviour, at the
vicinity of the flame and to capture vorticity effects near the combustion area, the Large Eddy
Simulation (LES) (Wang et al., 2011) turbulence model is used. This is because combustion results
in an intense change in local temperature and pressure, which produces local vorticity and movement
in the flow, which results in localised turbulence. Also, the wall-adapting local eddy (WALE)-
viscosity method (Ren et al., 2013) is employed as it has been designed for large-eddy simulation
(LES) of a turbulent boundary layer, in transitional flow and it can correctly capture the asymptotic
decay of the eddy viscosity in the vicinity of a solid wall in the turbulent boundary layer (Kim et al.,
2020). Considering a single step combustion reaction of methane, the combustion model of infinitely
fast chemistry (Mahle et al., 2006) is applied. In this simulation, only the condensed phase of moisture
is considered (Gong et al., 2020). The governing equations for the pyrolysis and vaporisation are as
follows (Ding et al., 2015):
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where and Ea and A represent the pre-exponential factor and activation energy, respectively. Y is
the mass fraction of the species of cellulose and moisture, w is the mass consumption rate, T and pq



are temperature and averaged density of the species, respectively. The parameter n is the reaction
order, R is the universal gas constant, and the subscript O denotes initial conditions.
The governing equations in the fluid region are as follows (Favre, 1983):
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where h is the total enthalpy, “~ and “ ” denote Favre filtering and spatial averaging, respectively,

' 1S the mass fraction of species m, g is the gravitational acceleration, and P represents the static

pressure, §,p, Pr;,v, D, ve, 04, R, Sc;, and w,, are Kronecker delta, density, the turbulent Prandtl

number, the laminar viscosity, the laminar diffusion coefficient, the turbulent viscosity, thermal

diffusion coefficient, gas constant, the turbulent Schmidt number, and production/sink rate of species
m due to gas reaction, respectively. The reaction rate is calculated by the Arrhenius equation:

k = Ae RET (11)

where K is the reaction rate, A is the pre-exponential factor, E,, is activation energy, R is universal
gas constant, T is temperature, and 4Hr is the enthalpy of the reaction.

The reactions and Kinetic parameters used in the present model is listed in Table 1.
Reaction A (s?) Ea (J mol 1) Rga;gg?n AHr (J g1)
Moisture — Vapor 5.13x10%° 8.8x10* 1 -2.44x10°
Cellulose— Char + Pyrolysate | 7.83x10%° |  1.27x10° 4.86 -1.41x103

Table 1. Reactions and kinetic parameters for pyrolysis and moisture evaporation (Chaos et al., 2011).

To study the mesh dependency of the results, the domain was rendered using three different grid
numbers of 324,000, 554,000, and 736,000, and the results of the respective simulations were
compared. Increasing the mesh number from 324,000 to 554,00 resulted in a considerable change in
the normalized mass of the solid fuel, but a further increase to 736,000 had less of an effect on the
result. As such, the mesh number of 554,000 was selected for all subsequent simulations, as a

compromise to limit computational costs.
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Figure 2. Comparison between the normalized mass for three different grid numbers.



To validate the simulations, the time history diagram of the normalized mass of the leaf, with a fuel
moisture content of 34%, is shown in Figure 3. The figure shows the numerical results of the present
study, along with the experimental measurements of Prince (2014). The figure indicates an acceptable
level of agreement between the numerical and experimental results. More specifically, good
agreement is found during the early stages of burning followed by a moderate divergence of the
results after about t = 6s. The maximum discrepancy is about 10% and occurs at about t = 11s. The
discrepancy between the simulated data and experimental measurements could be partly related to
the solid fuel pyrolysis kinetic model, because in a real scenario, the solid fuel may contain small
amounts of protein and lipid (Matt, F. J., Dietenberger, M. A., & Weise, D. R., 2020).
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Figure 3. Time history diagram of the normalized mass of the solid fuel for the present study and

experimental data (Prince, 2014) for the case with the fuel moisture content of 34%.

4. Results

The time history diagram of the normalized moisture mass is shown in Figure 4. As can be seen,
the rate of drying for the case with FMC = 26% is higher than the case with FMC = 34%. This is due
to the fact that the case with lower FMC heats up more than that of with higher FMC, which is
associated with having a higher radiative absorption coefficient.
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Figure 4. Time history diagram of the normalized moisture mass for two different cases with FMC = 34%

and FMC = 26%.

The temperature within the domain at the moment of ignition for two cases of FMC 26%, and 34%
are shown in Fig. 5. The threshold temperature in the domain for the ignition is assumed to be 1700
K. As there were no combustion in the time before, the shown frames have been determined as the



ignition time. As seen, the case with 26% FMC, ignited at 2.4s, and the case with 34%, start ignition
at 2.65s. At this moment, the maximum temperature of the solid fuel, itself, is 950K, which can be
considered as the ignition temperature for the solid fuel.
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Figure 5. Temperature in the domain at the moment of ignition for two fuel moisture contents of 26%,
and 34%.

Temperature distributions of the leaf-like solid fuel at different times of 2.5, 4.5, and 6.5 s, and for
the two FMCs of 26 and 34% are shown in Figure 6. As is evident from the figure, the temperature
of the cases with lower FMC increases more rapidly, such that after 6.5 seconds the volumetric
average temperature of the solid fuel for the case with lower FMC (26%), is higher (624 K) while,
the volumetric average temperature is lower (605 K) for the case with higher fuel moisture content
(34%). The temperature distributions can also be used to infer the rate of fire spread in the solid fuel
so it can be found from both figures 4 and 5 that in the case with lower fuel moisture content, the rate
of drying process and increasing temperature is higher than the case with higher amount of FMC.
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Figure 6. Temperature distribution in the solid fuel at different times and for two fuel moisture contents of
26%, and 34%.

Cross sections (x=0) of oxygen concentration at t=3 s, for both cases of 26%, and 34% FMCs are
shown in Figure 7. As is evident from these cross sections, the case with lower FMC has the lowest
amount of oxygen at the vicinity of the solid fuel, which indicates that ignition is occurring at t=3 s.
On the other hand, for the case with higher fuel moisture content (34%), ignition has not yet
completely occurred at t=3 s.
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Figure 7. Cross sections of Oxygen mass fraction distribution for the cross section of the domain, for two
different fuel moisture contents of 26, and 34%.
The FMC has a significant relation with the ignition process which influences fire formation. The
current study helps to understand how the solid fuel ignites and its relationship with factors such as
moisture content.

5. Conclusions

In the present investigation, the effect of moisture content on the rate of pyrolysis, and drying
process for a leaf-like solid fuel, exposed to a convective heat source of 1273 K, for two different fuel
moisture contents of 26, and 34% is studied. The main results of the present investigation are
summarized as follows:

e The computational results have an acceptable agreement with the experimental
measurements (in the absence of fuel moisture).

e The rate of drying of the leaf-like solid fuel with FMC of 26% is higher than the case with
FMC of 34%. This is due to the higher radiative absorption coefficient associated with the
lower FMC case

e Att=6.5s the volumetric average temperature of the solid fuel for the case with a FMC of
26%, is 624 K while for the case with a higher FMC of 34% it is 605K.
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