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Abstract: Pyrolysis (thermal decomposition) is considered as the most important stage of a forest
fire before direct forest fuel ignition. This process is accompanied by soot particle formation. Such
particles have a negative impact on public health in the vicinity of forest fires. The purpose of this
article was to investigate the heat and mass transfer process occurring in a typical forest fuel element
(birch leaf). The pyrolysis and soot formation processes were taken into account, and various forest
fire scenarios were considered. Computational experiments were carried out using the high-level
programming language Delphi. Heat and mass transfer processes were described by nonlinear non-
stationary differential heat conduction equations with corresponding initial and boundary conditions.
The differential equations were solved by the finite difference method. Nonlinearity was resolved
using a simple iteration. The main results of the research were (1) physical and mathematical models
proposed for modeling forest fuel pyrolysis, taking into account soot formation and conditions
corresponding to various forest fires; (2) a computer program coded in the high-level programming
language Delphi; (3) the obtained temperature distributions over leaf thickness; (4) volume fractions
obtained for various components dependent on time and space coordinates. The qualitative analysis
of the dependencies showed that the temperature distributions in the birch leaf structure are similar
for all forest fire types and differ only in absolute value. The intensity of the soot formation process
directly depends on the forest fire type. The presented results should be useful in predicting and
assessing forest fire danger, including near the facilities of the Russian Railways.

Keywords: mathematical simulation; forest fuel; pyrolysis; soot formation; forest fire; ignition

1. Introduction

Forest fires significantly influence the health of people in forested areas [1,2]. A
large variety of pollutants are produced during forest fires [3], including carbonaceous
soot particles [4]. As a result of atmospheric transport, such particles can end up in
the air [5] that people breathe. There can be different scenarios for human exposure
to polluted air [6,7]. However, wherever people are, smoke or soot particles have an
effect that can result in cardiorespiratory diseases [8] and mortality [9]. Forest fire is a
multistage process [10], including several stages, namely, forest fuel inert heating, moisture
evaporation, thermal decomposition, flame combustion of gaseous pyrolysis products,
and coke residue afterburning. Even at the pyrolysis stage, a certain amount of soot is
produced [11]. Therefore, it is important to understand the heat and mass transfer processes
in the forest fuel element, accompanied by soot particle formation.

Pyrolysis is a thermochemical process during which biomass is converted into a solid
with a high carbon content and volatility when heated in the absence of oxygen [12]. In
forest fires, oxidative pyrolysis is implied. Typical forest fuel mainly consists of cellulose
(about 50%), hemicellulose (about 10–40%) and lignin (about 10–40%) [12].
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Different types of pyrolysis models that take into account different chemical reactions
and approaches have been developed. Theories of macroscopic kinetic models are based
on theories of homogeneous reaction kinetics. Here, instead of reagent concentrations, a
solid phase transformation is used, since pyrolysis is a thermally stimulated heterogeneous
reaction. Arrhenius theory is used to describe the reaction rate k(T), pre-exponential factor
A and activation energy E [13].

The kinetic or reaction model refers to the different types of reactions that occur
during biomass pyrolysis. According to the reaction mechanism, these models are divided
into lumped and distributed models. The distributed activation energy model (DAEM)
assumes that pyrolysis occurs through numerous independent parallel reactions with
different activation energies. The activation energy distributions can be described by a
continuous function [13]. In lumped models, various biomass components and reaction
products are combined into three main product classes (gas, tar and char) via one-step or
multi-step reactions. Several kinetic schemes have been proposed for the primary biomass
and volatile product decomposition (mainly tar or hydrocarbons with a higher molecular
weight) [12]. Such models do not include information about the reaction pathways and are
black box models [13]. Different approaches to describe the order of reactions can be found
in literature. For example, pyrolysis reactions can proceed in a sequential competitive [14]
or parallel way [15], or according to biomass pseudocomponent behavior [16].

Numerical study of biomass pyrolysis requires kinetic parameter input data. Therefore,
experimental studies of this process are required to determine these parameters as well as
peculiarities of the physico-chemical mechanism. Experimental work is aimed at studying
the pyrolysis characteristics of various species of plants and wood under various external
conditions [17–22]. It should be noted that the pyrolysis process is influenced by the
biomass type and species (living or dead), heat transfer mechanism, and the atmosphere in
which this process takes place. It also emphasizes the need for a transition to models of
multistage reactions, since in this case it is possible to determine the mass loss rate more
accurately. Experimental studies devoted to the investigation of the biomass ignition and
combustion processes are also of great importance. The obtained data make it possible to
determine the typical temperatures and ignition delay times of the samples and to estimate
the regularities of this process [23–32]. It was noted that the ignition of living and dead
fuels occurs in different ways due to the moisture content in the samples. The existing
theoretical and experimental basis allows a numerical experiment to study the pyrolysis
process on specific types of plants or wood [33–37].

When studying the processes occurring with forest fuel during a fire, close attention
should be paid to the formation of smoke particles. The composition of the combustion
products formed depends on the temperature and pressure of combustion, as well as on
the mass fraction of chemical elements that make up the forest fuel. The ratio of the mass
of solid particles of smoke aerosol to the mass of burnt forest material varies depending on
the characteristics of the fire. According to some experimental data, when 1 ton of forest
fuels is burned, about 24 kg of solid particles enter the atmosphere [38].

Aerosol smoke emissions include three types of chemicals [39]:

(a) substances of mineral and soil origin (3–15% of the total mass of smoke emission) in
the form of chemical oxides and salts of elements.

(b) organic substances such as thermally decomposed biomass components (60–80% of
the total smoke emission mass)

(c) elemental carbon (7–15% of the total smoke emission mass)

Forest fuel combustion is the main reason for fine particle emissions into the at-
mosphere [40]. The particles size and distribution in space depends on the fuel type,
combustion environment and conditions, and measurement technologies. A rapid increase
in particle size occurs immediately after the emission of smoke particles. The predominant
proportion of particulate matter emitted into the atmosphere is carbonaceous material,
which consists of organic and elemental carbon. In addition to organic carbon, solid parti-
cles can also be levoglucosan-like species. All smoke components have different optical
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properties [40]. During a flaming fire, relatively more soot particles are released than in the
case of a smoldering fire [40].

There are many papers in literature devoted to the investigation of the features of
soot particles [41–45]. In this work, the pollutant emissions generated during forest fuel
combustion were characterized. Different biomass species were selected as objects of the
study. As a result, characteristics such as the size spectrum, chemical composition, rate
of formation, and emission factors were determined. It was established that the biomass
type has a significant impact on the amount and composition of emissions. This can be
explained by the different elemental composition and moisture of the samples.

In paper [46], the authors presented the best estimate of the emission factor for forest
fires in the United States. However, significant gaps in current knowledge exist in four
areas: forest fires in temperate forests, smoldering residual combustion, aerosol formation
and nitrogenous compounds. The first area is specific to the United States, and the last
three refer to open burning of forest fuel in many regions of the world.

Thus, the study of the processes of pyrolysis and the formation of soot particles is of
great interest. The aim of this research was the mathematical modeling of heat and mass
transfer processes in a typical forest fuel element (birch leaf), taking into account thermal
decomposition and soot particle formation.

2. Materials and Methods

All of the calculations were performed using the RAD Studio software. Heat conduc-
tion equations were used to describe heat and mass transfer in a forest fuel sample [47]:

ρc
∂T
∂t

= λ
∂2T
∂z2 + Q(t, z), (1)

The finite difference method was used for solving differential equations. The principle
of this method is in using finite-difference approximations instead of derivatives in the equa-
tion. Thus, the investigation area was represented as a finite-difference grid, consisted of
nodes. Finite-difference analogues were used for the replacement of the partial derivatives
of the equation. As a result, a system of equations was obtained. A difference representa-
tion of the boundary conditions was used to close this system. The obtained closed system
of linear algebraic equations was solved numerically using a computer [48–50].

When implementing this method, an implicit four-point difference scheme was used.
According to this scheme, it is necessary to take three points on the new time layer and one
point from the old time layer. In this case, the temperature field is presented in implicit
form. This scheme is used quite frequently because of its stability [48–50].

The solution area was presented as a set of nodes. A homogeneous difference grid
was used. For each node, a system of linear algebraic equations was created as a result of
replacement of the differential operators by their finite-difference analogues. On hundred
nodes were used.

Further, the coefficients in front of the temperature field values were evaluated. The
previously obtained three-point equation was transformed to a two-point form. The indices
in these two-point equations were decreased by one.

These two-point equations were substituted into the obtained three-point equations.
The coefficients α1 and β1 were evaluated using the left boundary condition. Then, running
coefficients αi and βi were calculated for each node of the grid. Further, the right boundary
condition was used to determine the temperature in the last grid node. As a result, for N
nodes, the temperature at the boundary had the form TN(K). After that, a backward run
was used to calculate the temperature distribution in the solution area [48–50].

The equation with the first accuracy order boundary conditions was used. Convective
heat transfer at the boundary of the solution area was considered. An approximation on
the area boundaries was evaluated in form [47]:
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On the left border z = B0:

− λ1
∂T1

∂z

∣∣∣∣
z=B0

= α(Tf f − T1), (2)

The 4th kind boundary conditions were applied between leave layers. At the layer
boundary z = B1,B2 (some j-th node).

On the right border, the influence of the forest fire temperature was taken into account
by setting the third kind boundary condition. This boundary condition describes the
convective heat transfer between the sample and the forest fire flame.

A general forest fire mathematical model was developed earlier, but it still has not
been fully realized [10,51,52]. In [47], the main provisions of this model were used and a
mathematical model of heat transfer was developed, taking into consideration the pyrolysis
of dry organic matter. This model can be used as a software module in forest fire danger
prediction systems, as pyrolysis is one of the most important stages before forest fuel
ignition. However, to assess the environmental impact, it is necessary to improve this
model and supplement it with a kinetic equation describing the formation of soot. In this
work, the equation proposed in [10] was used. It should be clarified that this equation
is valid only for the stage of pyrolysis of forest fuel. That is, the proposed mathematical
model could be used to assess the production of soot particles during the pyrolysis of forest
fuel [53].

List of assumptions

(1) One stage pyrolysis process is considered;
(2) Brutto reaction with known thermokinetic parameters is used;
(3) Arrhenius approach is used to describe pyrolysis process;
(4) Thermophysical properties depend on temperature using effective characteristics;
(5) The birch leaf has been considered as a three-layer plate;
(6) The first and the third layers of this plate have been described as dry organic matter;
(7) The second layer was a mixture of dry organic matter and water;
(8) Moisture evaporation is described by the kinetic approach;
(9) Water vapor instantaneously move to the area above the leaf;
(10) Soot particle volume fraction is proportional to the volume fraction of dry organic

matter decomposed during pyrolysis with coefficient of dispersion αs.
(11) Temperature distribution is described by the unsteady heat conduction equation;
(12) Modeling has been carried out as part of a one-dimensional formulation to satisfy

requirements of memory and software performance for practical purposes.

The geometry of the solution area is shown in Figure 1.

Figure 1. Geometry of the solution area (birch leaf): 1 is the dry organic matter layer; 2 is the layer
representing a mixture of dry organic matter and water; 3 is the dry organic matter layer. Information
from [54] was used to assign thicknesses to specific layers.

A scheme of the problem is shown in Figure 2.
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Figure 2. Scheme of the problem.

During numerical simulation, the one-dimensional heat equation and kinetic equation
were solved:

ρici
∂Ti
∂t

= λi
∂2Ti
∂z2 − qpkϕ1 exp

(
− E

RTi

)
− qevWev , (3)

ρi
∂ϕ1

∂t
= −kρi ϕ1 exp

(
− E

RTi

)
, (4)

ρs
∂ϕ2

∂t
= αskρs ϕ1 exp

(
− E

RTi

)
, (5)

ρ3
∂ϕ3

∂t
= −wev, (6)
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where wev is the evaporation rate, which is calculated by the formula:

wev =
A(Ps − P∗)√

2πRTi
M

, (7)

where Ps is the saturated vapor pressure, A is the accommodation coefficient, R = 8.31 J/(mol·K)
is the universal gas constant, and M is the molecular weight.

Equation (4) describes the pyrolysis process for dry organic matter within the Arrhe-
nius model for brutto reaction. This reaction is characterized by thermokinetic parameters
such as energy of activation E and pre-exponent k with thermal effect qp. This equation gives
a quantitative assessment of the volume fraction for dry organic matter ϕ1. Soot particle
formation can be estimated using Equation (5). This equation describes the process of soot
formation in terms of the proportional volume fraction for dry organic matter decomposed
during pyrolysis to volume fraction of soot particles with coefficient αs. Both equations are
ordinary differential equations that can be solved with the finite difference method.

The initial and boundary conditions were:

t = 0; Ti = Ti0, (8)

z = 0; − λ1
∂T1

∂z
= α

(
T1 − Tf f

)
, (9)

z = Lz; λ3
∂T3

∂z
= α

(
T3 − Tf f

)
, (10)

z = Lz1; − λ3
∂T3

∂z
= −λ2

∂T2

∂z
, T3 = T2, (11)

z = Lz2; − λ2
∂T2

∂z
= −λ1

∂T1

∂z
, T2 = T1, (12)

t = 0; ϕi = ϕi0, (13)

∑4
i=1 ϕi = 1, (14)

where α is the heat transfer coefficient; α1 is the first left running coefficient in the first
node; αj

* is the running coefficient in the border between the leaf layers; αs is the dispersion
coefficient; β1 is the left running coefficient in the first node; βj

* is the running coefficient
in the border between leaf layers; c is the specific heat; ρ is the density; λ is the thermal
conductivity coefficient; ϕ1 is the dry organic matter fraction; ϕ2 is the soot particle fraction;
ϕ3 is the moisture fraction; ϕ4 is the gas phase fraction; E, k, and qp are the activation energy,
pre-exponent, and thermal effect of the forest fuel pyrolysis reaction, respectively; R is the
universal gas constant; z is the spatial coordinate; h is the spatial step; i = 1,2,3 are the forest
fuel layers; N is the number of nodes; Q(t,z) is the nonlinear part of the equation; t is the
time coordinate; Tff is the flame temperature; Ti is the forest fuel temperature in the point
of the i-th layer; Lz is the overall thickness of the birch leaf; Lz1 is the boundary between
the second and third layers; and Lz2 is the boundary between the second and first layers.

The following thermophysical and thermokinetic parameters were used [10]:

qp = 1000 J/kg,

E/R = 9400 K,

k = 36,300 s−1,

αs = 0.05,

ρs = 300.0 kg/m3,

For dry organic matter
λ = 0.13 W/(m·K),
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ρ = 290.0 kg/m3,

c = 1450.0 J/(kg·K),

For water
λ = 0.56 W/(m·K),

ρ = 1000.0 kg/m3,

c = 4220.0 J/(kg·K),

In [55], a scenario modeling approach was developed for predicting forest fire danger.
In this work, mathematical modeling of heat and mass transfer in a forest fuel element was
carried out. The model presupposes accounting for the processes of dry organic matter
pyrolysis and soot formation.

The development of this mathematical model was dictated by the need for information
and computing systems for assessing, monitoring and predicting forest fire impacts on the
population and the functioning of industrial and infrastructure facilities located in forested
areas. The literature review revealed that at present, there are a number of works where the
soot formation process during forest fires is described. However, the main drawback of all
such mathematical models is the impossibility of their practical application on a national
scale—in particular, in the Russian Federation. Table 1 shows the main input parameters
that were mapped to different modeling scenarios. Even a simplified mathematical model
requires a number of parameters that are not always possible to determine in practice due
to extensive vegetation biodiversity and the inability to control all forest fire incidents.
Therefore, in this work, we proposed using the scenario modeling approach, which has
already been successfully applied in a number of works devoted to predicting forest fire
danger, for example, [56,57].

Table 1. Correspondence of scenarios and various parameters of the model.

Scenario Tff T0 αs tend αe λ ρ c ϕ30

Forest fire type + +

Season +

Forest fuel type + + +

Moisture content +

Smoke generation +
Duration +

The proposed scenarios, first of all, take into account the forest fire type and the period
of the fire danger season. In the Russian Federation, the ISDM-Rosleskhoz Information
System for Remote Monitoring of Forest Fires is in operation [58]. This system uses,
inter alia, probabilistic predictions of forest fire danger and remote sensing data on active
forest fires. The system contains information on the characteristics of forest areas and
information on detected forest fires. These data can be used to set the forest fire and
forest fuel, respectively, and to compare them with specific values of thermophysical and
thermokinetic characteristics for scenario modeling.

In this paper, four types of forest fires were considered, namely, low and high intensity
surface forest fires, crown forest fires and firestorms [59–62]. There are differences between
these types of forest fires: first of all, the forest fire front maximum temperature and
propagation speed, and the group of forest fuels involved in combustion [10]. The front
temperature was defined on the basis of the following scenarios: a low (900 K) and high
(1000 K) intensity surface forest fire, a crown forest fire (1100 K) and a fire storm (1200 K).
The speed of the incident flow during the forest fire front movement could be indirectly
taken into account when specifying the heat transfer coefficient in the boundary conditions.
The type of forest fuel was, accordingly, taken into account when setting the thermophysical
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and thermokinetic properties. In this work, heat and mass transfer in an element of a typical
forest fuel of deciduous species (birch leaf) was investigated. The choice of this particular
type of forest fuel for research should be explained separately. In the Russian Federation,
as a rule, coniferous and mixed forest stands pose a great fire danger [63].

However, it was previously established in experiments on the ignition of a forest fuel
by a source of elevated temperature that a birch leaf has an ignition temperature lower
than that of conifer needles [64]. That is, in mixed stands there is a risk of a forest fire from
a local fire caused by birch leaf ignition. In addition, it is necessary to understand what
contribution to the ecological consequences of forest fires is made by foliage along with
needles during forest fires in mixed stands.

In the Russian Federation, the fire season lasts, on average, from April to October.
Therefore, the entire fire danger season can be divided into three periods: spring, summer
and autumn. For scenario modeling, the average ambient temperatures were used for each
of the periods across the territory of the Republic of Buryatia (Russian Federation) [65].

In recent years, significant efforts have been made to develop methods for forest fire
danger monitoring, prediction and assessment, for example, in the Baikal basin [66–68].
Currently, a project is being implemented to develop methods for monitoring forest fire
dangers caused by transport infrastructure, namely, railways. Railways are one of the
sources of fire danger in forested areas [69,70]. However, forest fires affect railway opera-
tions as well. Soot and smoke particles can cause illness and death for railway employees
and train passengers. In addition, scenarios of minimum, medium and maximum soot
formation were considered. These scenarios were taken into account when defining the
dispersion coefficient [10]. Additionally, calculations were carried out to take into account
the various values of the moisture volume fraction in the forest fuel structure and the
duration of exposure to elevated temperatures from the forest fire front.

In this research, a scenario was a set of parameters. Table 1 shows data accounting for
various parameters of the mathematical model in various scenarios during modeling.

During mathematical modeling, four scenario groups were used. The main input
parameters of each group are listed below (Table 2).

Table 2. Main input parameters for different scenarios.

Fire Type
Low-Intensity
Surface Forest

Fire (900 K)

High-Intensity
Forest Fire

(1000 K)

Crown Forest
Fire (1100 K)

Fire Storm
(1200 K)

Season: spring (April +6 ◦C), summer (July +20 ◦C), autumn (October 0 ◦C)

Duration of forest
fire front impact: 2, 3, 5 s

Soot generation: αs = 0.01; 0.03; 0.05

Volume fraction of
moisture: 0.2; 0.3; 0.4

Volume fraction of
dry organic

matter:
0.8; 0.7; 0.6

3. Results and Discussion

Further, the specific results of scenario group I were considered, that is, a low-intensity
surface forest fire. Figures 3–5 show temperature distributions over the thickness of a
birch leaf under typical conditions of the summer season for different times of exposure to
elevated temperatures from the front of a low-intensity forest fire
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Figure 3. Temperature distribution over the thickness of a birch leaf under the influence of a low-
intensity surface forest fire at time t = 2 s (summer, July, +20 ◦C, ϕ30 = 0.4).

Figure 4. Temperature distribution over the thickness of a birch leaf under the influence of a low-
intensity surface forest fire at time t = 3 s (summer, July, +20 ◦C, ϕ30 = 0.4).

The analysis of temperature distributions presented in Figures 3–5 shows that the main
effect of a forest fire is due to the duration of exposure to a forest fuel element. There was a
noticeable difference in the temperature distribution over the thickness of the birch leaf at
exposure times of 2, 3 and 5 s. However, the temperature gradients along the leaf thickness
were small because the leaf plate was quite thin and had time to warm up through almost
the entire thickness. The ambient temperature had no significant effect on the temperature
distribution in the birch leaf structure. For example, the difference in the maximum leaf
temperatures was 1–6 K, depending on the period of the fire danger season. Moreover, the
shorter the duration of exposure to a forest fire, the greater the difference in the maximum
leaf temperatures.
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Figure 5. Distribution of temperature over the thickness of a birch leaf under the influence of a
low-intensity surface forest fire at time t = 5 s (summer, July, +20 ◦C, ϕ30 = 0.4).

Figures 6–8 show the curves of the volume fractions of various phases depending on
the duration of exposure to a low-intensity surface forest fire (summer, in the middle of the
2nd layer).

Figure 6. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on time (summer, July, +20 ◦C, ϕ30 = 0.4, αs = 0.01): 1—dry organic matter,
2—soot particles, 3—moisture, 4—gas.
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Figure 7. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on time (summer, July, +20 ◦C, ϕ30 = 0.4, αs = 0.03): 1—dry organic matter,
2—soot particles, 3—moisture, 4—gas.

Figure 8. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on time (summer, July, +20◦C, ϕ30 = 0.4, αs = 0.05): 1—dry organic matter,
2—soot particles, 3—moisture, 4—gas.

Analysis of the results presented in Figures 6–8 led to the following conclusions. First,
the dispersion coefficient has the greatest influence on soot formation. The higher the
value of this coefficient, the higher the value of the volume fraction of the formed soot
particles. For example, the values of the volume fraction of soot particles reached 0.005 for
the minimum scenario and 0.023 for the maximum scenario of soot formation. Accordingly,
in summer and autumn, these values were 0.005 and 0.03 as well. This result is due to the
dependence of the soot formation kinetics on the thermal decomposition kinetics in the
model. According to the kinetic scheme, the dry organic matter pyrolysis is determined
by the temperature that is reached in the forest fuel element. As mentioned earlier, these
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differences are minimal for fire season periods. It should also be noted that the gradients of
the soot particle volume fraction are significantly higher in the maximum soot formation
scenario. Moreover, a noticeable formation occurs when the exposure time is more than 2 s.

Figures 9–11 show the resulting distributions of volume fractions of phases by the end
of the effect of elevated temperature from the front of a low-intensity surface forest fire.
The scenario of maximum soot production was considered.

Figure 9. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on the thickness of the leaf at time t = 5 s (spring, April, +6 ◦C, ϕ30 = 0.4,
αs = 0.05): 1—dry organic matter, 2—soot particles, 3—moisture, 4—gas.

Figure 10. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on the thickness of the leaf at time t = 5 s (summer, July, +20 ◦C, ϕ30 = 0.4,
αs = 0.05): 1—dry organic matter, 2—soot particles, 3—moisture, 4—gas.
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Figure 11. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on the thickness of the leaf at time t = 5 s (autumn, October, +0 ◦C, ϕ30 = 0.4,
αs = 0.05): 1—dry organic matter, 2—soot particles, 3—moisture, 4—gas.

Analysis of the data presented in Figures 9–11 showed that the volume fraction of
soot particles in the limit can reach values close to 3%. Moreover, the maximum amount of
soot particles forms at the leaf edges, where the temperature values are also at a maximum,
which causes a more intense thermal decomposition process.

Figures 12 and 13 show the curves of volume fractions of phases depending on the time
of exposure to a low-intensity surface forest fire, respectively, for ϕ30 = 0.3 and ϕ30 = 0.2
(in the middle of the 2nd layer).

Figure 12. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on time (summer, July, +20 ◦C, ϕ30 = 0.3, αs = 0.05): 1—dry organic matter,
2—soot particles, 3—moisture, 4—gas.
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Figure 13. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on time (summer, July, +20 ◦C, ϕ30 = 0.2, αs = 0.05): 1—dry organic matter,
2—soot particles, 3—moisture, 4—gas.

Figures 14 and 15 show, respectively, the resulting distributions of the volume fractions
of phases for these values ϕ30 = 0.3 and ϕ30 = 0.2. Both options were considered under
conditions of maximum soot production.

Figure 14. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on the thickness of the leaf at time t = 5 s (summer, July, +20 ◦C, ϕ30 = 0.3,
αs = 0.05): 1—dry organic matter, 2—soot particles, 3—moisture, 4—gas.
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Figure 15. Distribution of volume fractions of phases under the influence of a low-intensity surface
forest fire depending on the thickness of the leaf at time t = 5 s (summer, July, +20 ◦C, ϕ30 = 0.2,
αs = 0.05): 1—dry organic matter, 2—soot particles, 3—moisture, 4—gas.

In addition, calculations of soot formation were carried out for forest fuels with various
levels of moisture content. The values of the moisture volume fraction were varied in the
range from 0.2 to 0.4. Analysis of the results presented in Figures 12–15 showed that a
decrease in the moisture volume fraction leads to increased soot particle formation. This
difference in absolute values is of the order of 0.01, that is, there is an increase in soot
particles by about one-third from a forest fuel with minimum moisture content.

Further, specific results were considered for scenario group II, that is, a high-intensity
surface forest fire. Analysis showed that when exposed to increased temperature from the
front of a high-intensity surface forest fire, the same patterns that are characteristic of a
low-intensity surface forest fire are observed. The differences in the absolute values for the
birch leaf temperature at different ambient temperatures are comparable to those observed
for the scenario of a low-intensity surface forest fire.

Analysis shows that the same patterns of soot particle formation observed for a low-
intensity surface forest fire also occur when exposed to a high-intensity surface forest fire.
However, the maximum values of the soot particle volume fraction already reach 0.006 and
0.03, respectively, in the minimum and maximum soot formation scenarios. The gradients
of the soot particle volume fractions are higher and the process itself begins at an exposure
time of 1.5 s. The resulting values of the volume fraction are also higher in the scenario
of a surface forest fire of high intensity. The influence of forest fuel moisture content was
also studied. The same patterns were obtained as for the scenario of a low intensity surface
forest fire. Only the values of the soot particle volume fraction are slightly higher for the
scenario of the impact of a high-intensity surface forest fire.

Further, the specific results for scenario group III, that is, the impact of a crown forest
fire, was considered. Analysis showed that the same qualitative regularities were found
as for the previously considered surface forest fires. However, the absolute temperature
values in the birch leaf structure were higher. As a result, the distribution of the soot particle
volume fraction changed somewhat depending on the exposure time to a crown forest fire.
The maximum values of the soot particle volume fraction for the minimum and maximum
soot formation scenarios were 0.006 and 0.03, respectively. Moreover, the soot formation
process began approximately from the moment of time equal to 1 s. The gradient of the
volume fraction is was larger than in the previously considered scenarios of surface forest
fires. At an exposure time of approximately 3 s, the values for the soot particle volume
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fraction reach an asymptote. It should be noted here that at these temperatures, flame
combustion of gaseous pyrolysis products readily occurs, but the resulting soot formation
cannot be taken into account within the framework of the proposed mathematical model.

The resulting soot particle volume fraction distributions were similar to those from
forest fires of other types. Moreover, maximum soot formation occurs at the leaf edges.
Analysis of the influence of initial moisture content values also showed that the higher the
moisture content, the fewer soot particles formed.

Following are specific results for scenario group IV, that is, for a firestorm. Analysis of
the results showed an analogous temperature distribution in the birch leaf structure, taking
into account the growth of its maximum value under the fire storm influence. Analysis
revealed the same qualitative patterns as for the previously considered types of forest fires.
Quantitative analysis showed that the soot particle volume fractions in the limit correspond
to the values obtained for a crown forest fire. However, the gradients of their change over
time were higher and the values of the volume fraction reached an asymptote over a shorter
period. This is due to the fact that higher temperatures are reached faster in the forest
fuel structure and the thermal decomposition process is more intensive. As a result, there
were large gradients in the soot particle volume fraction that were intensely formed during
the forest fuel pyrolysis. The resulting distribution of the soot particle volume fraction
corresponded to the scenario of a crown fire. The results of the analysis of the influence of
initial moisture content were analogous with the results typical for a crown forest fire. That
is, the process of soot formation during a firestorm corresponds to that of a crown forest
fire, but it occurs in a more intensive way and in a shorter period of time.

Generalizing remarks should be made regarding the obtained results. As shown by
a qualitative analysis of the dependencies, the temperature distributions in the birch leaf
structure were similar for all forest fire types and differed only in their absolute values.
More intense heating occurs at the leaf surface. As a consequence, thermal decomposition
and subsequent soot formation are more intense there. The influence of the ambient
temperature is minimal in this model and is quantitatively expressed as a difference of
several degrees for different periods of the fire season. In principle, for practical purposes,
you can use the average temperature values typical for the entire fire season. This will
significantly reduce the number of scenarios required to simulate different conditions of
soot formation in predicting, assessing and monitoring forest fires in a studied forest area.
The most noticeable quantitative differences were characteristic for different degrees of
dispersion. The obtained results showed that the start of moisture evaporation is highly
intensive in the first second of influence from the forest fire process. After one half of
that first second, the value of moisture content is close to zero. This moisture evaporation
behavior is caused by a model suggesting that water vapors are instantaneously removed
from the forest fuel element. Thus, analysis of the simulation results showed that a
sufficiently large number of soot particles are formed during the thermal decomposition of
dry organic matter, and this contribution should be taken into account when assessing soot
particle emissions in order to predict, monitor and assess forest fire danger [71–73].

As mentioned earlier, the main advantage of the developed mathematical model lies
in the possibility of its application in practice for assessing, monitoring, and predicting
the formation of soot particles during forest fires. On up-to-date computers (CPU Intel i5
3 GHz, 16 GB RAM), the calculation time using the developed mathematical model is less
than 1 s for one variant. The mathematical model implementation was performed in the
high-level programming language Delphi in the RAD Studio software [74]. In the future, it
will be possible to integrate the developed model with geo-information systems [75–77]
to visualize the predicted values of the volume fraction of soot particles formed during
active forest fires. ArcGIS [78] and QGIS [79] can be used as host systems. Moreover, when
using the developed mathematical model for the assessment, prediction and monitoring of
forest fires [80] within a forest or administrative region, single-processor computers and a
sequential programming paradigms are sufficient [81].
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When organizing monitoring, assessing and predicting forest fire danger and environ-
mental consequences on a national scale, for example, in the Russian Federation, it will be
possible to further develop a parallel program in the SPMD computation model [82]. In
this case, the multiprocessor computing systems at a number of universities can be used,
for example [83,84].

4. Conclusions

This article proposed a mathematical model of heat and mass transfer processes,
taking into account the thermal decomposition of dry organic matter and soot particle
formation. The paper used a scenario modeling approach that included information about
the forest fire type, the period of the fire danger season, the forest fuel properties, the
degree of dispersion of the forest fuel and the initial moisture content of the forest fuel
element. The paper considered four scenario groups: low and high intensity surface forest
fires, crown forest fires and firestorms.

It was revealed that the main influence on the soot formation process is exerted by
the degree of dispersion of forest fuel and the forest fire type. However, it was established
that the qualitative characteristics of the soot formation process are similar for all scenarios.
Further research could be conducted to account for aerosol formation during the interaction
of water vapor with soot particles.

The proposed mathematical model can be applied in practice in order to assess,
monitor and predict the environmental consequences of forest fires, including in the vicinity
of railway infrastructure. In addition, this mathematical model can be used to assess the
contribution of soot particle formation during the thermal decomposition of dry organic
matter in the forest fuel structure. Software implementations can be used in conjunction
with geo-information systems to visualize input and output information in the assessment,
monitoring and prediction of forest fires and their environmental consequences.

As for research that is in the interest of the Russian Railways, the use of the developed
mathematical model in practice will make it possible to assess or predict the formation of
soot particles from forest fires in the vicinity of railway infrastructure. It is very important
to be able to predict possible emissions from such forest fires, because trains traveling on
railroads lack maneuverability. Exposure to soot particles could be tragic if the particles
are inhaled by railroad employees or passengers.
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