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Xii

Preface

Forest fires cause ecological, economic and social damage to various states of the international com-
munity (Collins et al., 2013). The causes of forest fires are rather various (Yanko, 2005), but the main
factor is human activity in the neighborhood of settlements, industrial facilities, objects of transport
infrastructure and in intensively developed territories (in other words, anthropogenic load) (Baranovskiy
& Baranovskiy, 2020a). In turn, storm activity is basic reason in remote territories (Baranovskiy et al.,
2020). Scientists of the different countries of the world develop methods, approaches and the systems
to predict forest fire danger (Baranovskiy, 2020b), including, impact of the human and storm activity
on forested territories.

In scientific periodicals, there are two main ways to assess the occurrence of forest fires. The first
way is associated with assessing the risk of forest fires (Miller & Ager, 2013). It should be noted that
many researchers make mistakes in their works devoted to the risk analysis of forest fires. The classical
mathematical theory of risk analysis states that risk is the product of the probability of a catastrophic
event multiplied by the amount of damage resulting from a possible catastrophic event. In our case,
forest fires and their consequences are meant. All other approaches developed by various researchers
do not have a rigorous mathematical basis. Such approaches can be useful in assessing the occurrence
and possible consequences of forest fires, but these developments have nothing to do with risk analysis.

The second way of research is devoted to the assessment of forest fire danger (Hardy, 2005). Another
term is forest fire hazard. In fact, this is the first step in assessing the risk of forest fires, but without
evaluating the consequences and damage. It should be noted that it is necessary to follow the provisions
of arigorous mathematical theory of risk analysis, when a forest fire danger is expressed in the probabil-
ity of a forest fire in certain conditions. In fact, all other approaches lack a rigorous mathematical basis
and are poorly scientifically grounded. It should to pay tribute to the developers of various systems for
predicting forest fire dangers, including those that are currently used in the practice of protecting forests
from fires on the territory of various states. Some systems are designed using a large amount of factual
material on forest fire incidents. However, most of the developed and developing approaches operate
with abstract numerical indices corresponding to different levels of forest fire danger. Unfortunately,
from the standpoint of the mathematical theory of risk analysis, these developments have nothing to do
with assessing the probability of a forest fire as the only reliable, physically and mathematically justified
indicator of the level of forest fire danger. Once again, it should be noted that these developments have
brought practical value during the period of their use, but in fact they need to be modernized using the
methods of mathematical statistics, probability theory and risk analysis.

There are various approaches to predict forest fire danger: deterministic, probabilistic, statistical,
empirical, imitating (Grishin, 2002). The most perspective, according to the author, is complex deter-
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ministic-probabilistic approach which combines mathematical models of forest fuel ignition by various
sources of high temperature and probabilistic criteria of forest fire occurrence (Baranovskiy, 2012a).

The present book is devoted to predicting of forest fire danger using deterministic-probabilistic ap-
proach. As practice shows, forest fires finally are result of local influence of high temperature source as
the ignition spot of forest fire do not arise at a time in the territory of the large size. The main source of
high temperature characteristic of anthropogenic influence, are the particles heated to high temperatures
which are formed when cutting and welding metals when carrying out various technological works in
the forested territory and also when cracking wood in not extinguished fires left by visitors of the forests
(Baranovskiy, 2007).

As a result of lightning discharges, both trunks of trees and forest fuels at the bottom of these trees
can ignite. Electric current of cloud-to-ground lightning discharge passes on the moisture carrying out
ways in tree trunk and there is its heating. The following stage is growth of heat stresses in wood of tree
trunk and, as a result, cracking of wood and formation of the charred or burning heated carbonaceous
particles (Baranovskiy et al., 2017). Such particles drop out on layer of forest fuel under crown and lead
to occurrence of surface forest fire.

Other sources of local forest fuel ignition are the concentrated fluxes of sunlight (Baranovskiy,
2015). Such conditions of sunlight influence are created when passing sunlight through glass bottles
and their splinters which in large number are left by visitors of forested territories. The facts of forest
fires occurrence as a result of this reason were repeatedly fixed by the staff of Emercom of Russia. The
ban to scatter glass bottles and their splinters is enshrined in Rules of behavior in the forests (Russian
Federation Government decree of June 30, 2007 No. 417, 2007).

Accounting of forest fuel ignition by the heated particles and the focused sunlight mathematical
modeling of physical and chemical processes in layer of forest fuel at local heating is carried out. These
processes are described by the systems of the nonlinear non-stationary equations of heat conductivity
and diffusion with the corresponding initial and boundary conditions (Baranovskiy, 2015; Zakharevich
etal., 2012).

Experiments on physical modeling of forest fuel ignition are made by heated particles and the focused
sunlight to develop physical models of the considered processes and verification of the mathematical
models (Baranovskiy, 2012b; Baranovskiy & Zakharevich, 2018). Special experimental installations
have been developed for these purposes. Besides, experiments on identification of ignition conditions
of forest fuel by group of rather small crystallizing particles which occur, for example, when welding
metal works have been made.

To take into account stochastic nature of anthropogenic load and storm activity various probabilistic
criteria are used. Here it is necessary to explain that various ways of definition and assessment of the
members entering formulas of probabilistic criteria are possible. First, it is possible to use statistical data
on forest fires retrospective for certain period of time in the controlled forested territory. Secondly, it is
possible to use the generator of pseudorandom numbers and to carry out modeling of different scenarios
on forest fires occurrence. And the third way is to develop the deterministic mathematical models of
anthropogenic load on controlled forested territories. One of the book chapters is devoted to this new
and perspective methodology.

It should be noted that simple probabilistic criterion has been used when developing software modules
of forest fires predicting for the Information system of remote monitoring of forest fires ISDM-Rosleskhoz
which executes within Avialesookhrana (Russian Federation) (Podolskayaetal.,2011).In 2011 the author
has received the act of use of results which has been signed by Avialesookhrana’s employees and the

xiii
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Center for environmental problems and productivity of the forests of the Russian Academy of Sciences
(the staff of the Center developed the program code on the basis of author’s probabilistic criterion).
The analysis of the current state of the research area shows that various approaches are applied to
the solution of problem of forest fire danger predicting now. For example, mathematical modeling (both
hard and soft modeling), statistical and probabilistic estimates, empirical models, systems on the basis of
knowledge and rules are used. In the author’s opinion, the most perspective direction in the field of forest
fire danger predicting is the methodology of deterministic-probabilistic predicting of forest fires occur-
rence as this methodology combines the stochastic nature of anthropogenic load and storm activity and
accurate relationships of cause and effect at occurrence of forest fires as a result of influence of various
high temperature sources. Mathematical models are constructed on the basis of physical mechanisms
which consider the thermophysical and physical-chemical processes proceeding during forest fuel ignition.
The target audience of this book will be composed of professionals and researchers working in the
field of Predicting of Forest Fire Danger disciplines, e.g. forest fire danger factors, forest fire weather,
forest fuel, fire statistics, software and devices to be used in related forest fire danger researches, methods
to predict forest fire danger. Moreover, book will provide insights and support executives concerned
with the management of in forestry to prevent forest fires risk. Furthermore, this book can be useful for
insurance companies, computer engineers who develop new system to predict forest fire danger.

Section 1 is devoted to development of mathematical models of coniferous tree ignition as a result of
impact of cloud-to-ground lightning discharge on tree trunk.

Chapter 1 describes various one-dimensional mathematical models of coniferous tree ignition by the
cloud-to-ground lightning discharge. Both thermophysical mathematical models and models taking into
account physical and chemical processes of thermal decomposition and reaction in gas phase are con-
sidered. Estimates of ignition delays of trunk of coniferous tree at impact of cloud-to-ground lightning
discharge are given. This is a deterministic part of complex deterministic-probabilistic approach. Forest
fuel ignition by the cloud-to-ground discharge is the one of the reasons that leads to forest fire danger.

Chapter 2 describes various two-dimensional mathematical models of coniferous tree ignition by
the cloud-to-ground lightning discharge. Both thermophysical mathematical models and models taking
into account physical and chemical processes of thermal decomposition and reaction in gas phase are
considered. Results on simulation of reactive wood localization are also provided. Estimates of ignition
delays of trunk of coniferous tree at impact of cloud-to-ground lightning discharge are given. This is a
deterministic part of complex deterministic-probabilistic approach. Forest fuel ignition by the cloud-to-
ground discharge is the one of the reasons that leads to forest fire danger.

Chapter 3 describes various three-dimensional mathematical models of coniferous tree ignition by
the cloud-to-ground lightning discharge. Both thermophysical mathematical models and models taking
into account physical and chemical processes of thermal decomposition and reaction in gas phase are
considered. Results on simulation of structural heterogeneities localization in wood are also provided.
Estimates of ignition delays of trunk of coniferous tree at impact of cloud-to-ground lightning discharge
are given. This is a deterministic part of complex deterministic-probabilistic approach. Forest fuel igni-
tion by the cloud-to-ground discharge is the one of the reasons that leads to forest fire danger.

Chapter 4 is devoted to mathematical modeling of coniferous tree ignition by the cloud-to-ground
lightning discharge taking into account M-components of discharge. Results of simulation, both taking
into account, and without availability the M-components of cloud-to-ground lightning discharge are
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given. This is a deterministic part of complex deterministic-probabilistic approach. Forest fuel ignition
by the cloud-to-ground discharge is the one of the reasons that leads to forest fire danger.

Section 2 is devoted to development of mathematical models of deciduous tree ignition as a result of
cloud-to-ground lightning discharge on tree trunk.

Chapter 5 describes various one-dimensional mathematical models of deciduous tree ignition by
the cloud-to-ground lightning discharge. Both thermophysical mathematical models and models tak-
ing into account physical and chemical processes of moisture evaporation, thermal decomposition and
reaction in gas phase are considered. Estimates of ignition delays of trunk of deciduous tree at impact
of cloud-to-ground lightning discharge are given. This is a deterministic part of complex deterministic-
probabilistic approach. Forest fuel ignition by the cloud-to-ground discharge is the one of the reasons
that leads to forest fire danger.

Chapter 6 describes various two-dimensional mathematical models of deciduous tree ignition by the
cloud-to-ground lightning discharge. Both thermophysical mathematical models and models taking into
account physical and chemical processes of moisture evaporation, thermal decomposition and reaction in
gas phase are considered. Results on simulation of reactive wood localization and large vessels are also
provided. Estimates of ignition delays of trunk of deciduous tree at impact of the cloud-to-ground lightning
discharge are given. This is a deterministic part of complex deterministic-probabilistic approach. Forest
fuel ignition by the cloud-to-ground discharge is the one of the reasons that leads to forest fire danger.

Chapter 7 describes various three-dimensional mathematical models of deciduous tree ignition by
the cloud-to-ground lightning discharge. Both thermophysical mathematical models and models tak-
ing into account physical and chemical processes of moisture evaporation, thermal decomposition and
reaction in gas phase are considered. Results on simulation of structural heterogeneities localization in
wood are also provided. Estimates of ignition delays of trunk of deciduous tree at impact of the cloud-to-
ground lightning discharge are given. This is a deterministic part of complex deterministic-probabilistic
approach. Forest fuel ignition by the cloud-to-ground discharge is the one of the reasons that leads to
forest fire danger.

Chapter 8 is devoted to mathematical modeling of deciduous tree ignition by the cloud-to-ground
lightning discharge taking into account M-components of discharge. Results of modeling, both taking
into account, and without availability the M-component of the cloud-to-ground lightning discharge are
given. This is a deterministic part of complex deterministic-probabilistic approach. Forest fuel ignition
by the cloud-to-ground discharge is the one of the reasons that leads to forest fire danger.

Section 3 is devoted to experimental study and development of mathematical models of forest fuel igni-
tion by various sources of high temperature.

Chapter 9 describes results of physical modeling of forest fuel ignition by the particle of metal or
nonmetal heated up to high temperatures. Typical forest fuels are considered: pine needles, leaves of birch
and dead grass. The description of the physical mechanism of forest fuel ignition by the single heated
particle is provided. Estimates of ignition delays of forest fuel layer at influence by the single particle
heated to high temperatures are given. This is a basis to develop mathematical models of forest fuel
ignition by the heated up to high temperatures particle. Such particles are the main sources of elevated
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temperature for natural and anthropogenic reasons of forest fire danger. Moreover, mathematical models
should be proven by experimental results.

Chapter 10 describes results of physical modeling of forest fuel ignition by group of rather small
crystallizing metal particles. Typical forest fuels are considered: pine needles, leaves of birch and dead
grass. The description of the physical mechanism of forest fuel ignition by group of the crystallizing
particles is provided. Estimates of ignition delays of forest fuel layer at simultaneous influence of group
of the crystallizing metal particles are given. This is a basis to develop mathematical models of for-
est fuel ignition by the crystallizing particles. Such particles are the widely spread sources of elevated
temperature for anthropogenic reasons of forest fire danger. Moreover, mathematical models should be
proven by experimental results.

Chapter 11 describes results of physical modeling of forest fuel ignition by the focused sunlight.
Typical forest fuels are considered: pine needles, leaves of birch and dead grass. The description of the
physical mechanism of forest fuel ignition by the focused sunlight is provided. Estimates of ignition delays
of forest fuel layer at impact of the focused sunlight are given. This is a basis to develop mathemati-
cal models of forest fuel ignition by the focused sunlight. Such radiation fluxes are the widely spread
sources of elevated temperature for natural and anthropogenic reasons of forest fire danger. Moreover,
mathematical models should be proven by experimental results.

Chapter 12 describes results of mathematical modeling of forest fuel ignition by the particle of metal
or nonmetal heated up to high temperatures. The description of physical and mathematical models of
forest fuel ignition by single heated particle is provided. Theoretical estimates of ignition delays of
forest fuel layer at influence by the single particle heated up to high temperatures are given. This is a
deterministic part of complex deterministic-probabilistic approach. Forest fuel ignition by the heated up
to high temperatures particles is the one of the reasons that leads to forest fire danger.

Chapter 13 describes results of mathematical modeling of forest fuel ignition by the focused sunlight.
The description of physical and mathematical models of forest fuel ignition by the focused sunlight is
provided. Theoretical estimates of ignition delays of forest fuel layer at impact of the focused sunlight
are given. This is a deterministic part of complex deterministic-probabilistic approach. Forest fuel igni-
tion by the focused sunlight is the one of the reasons that leads to forest fire danger.

Section 4 is devoted to development of probabilistic criteria of forest fire danger taking into account
anthropogenic load, storm activity and meteorological parameters.

Chapter 14 describes various probabilistic criteria of forest fire danger taking into account anthro-
pogenic load, storm activity and weather conditions. The description of various scenarios of forest fire
danger is provided. Scenario modeling of forest fire danger for the typical forested territory of boreal
zone is carried out. This is quantitative assessment of forest fire occurrence, namely, probability of forest
fire occurrence. This probability is mathematically and physically proven indicator of forest fire danger
according to strong mathematical theory of risk analysis.

Chapter 15 describes probabilistic criterion of forest fire danger taking into account various reasons
of anthropogenic character. The description of various scenarios of forest fire danger is provided. Sce-
nario modeling of forest fire danger for the typical forested territory of boreal zone is carried out. This
is quantitative assessment of forest fire occurrence, namely, probability of forest fire occurrence. This
probability is mathematically and physically proven indicator of forest fire danger according to strong
mathematical theory of risk analysis.
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Chapter 16 describes results of mathematical modeling of anthropogenic load on forested territories
in the context of forest fires occurrence. Point and linear sources of anthropogenic load are considered.
Results of non-uniform distribution of virtual number of forest fires for point and linear sources of
anthropogenic load are provided. The comparative analysis of results for various scenarios of anthro-
pogenic load is carried out. This is a mathematical basis to compute probability of anthropogenic load
over forested territory. Anthropogenic load is a widely spread reason of forest fire danger.

The relationship between the various chapters of this book should be explained in more detail. The
first stage in the development of a specific forest fire danger predicting system based on the deterministic-
probabilistic approach is the experimental determination of ignition conditions for specific forest fuels of
the controlled area. The data obtained on the ignition delay and the physical mechanism can be further
used to determine the thermokinetic constants of the pyrolysis of dry organic matter and the ignition of
gaseous combustible components of the pyrolysis of forest fuels. In turn, at the next stage, it is necessary
to carry out a scenario simulation of the ignition conditions for forest fuel under various conditions, taking
into account a source of elevated temperature (cloud-to-ground lightning discharge, a particle heated to
high temperatures, focused solar radiation). The first and second stages are a deterministic component
of an integrated deterministic-probabilistic approach to predicting forest fire danger.

At the next third stage, it is necessary to assess the probability of a forest fire in various conditions,
calculated using deterministic mathematical models of forest fuel ignition. It is important to note that
scenario modeling should be used, since in practice some parameters and conditions of a forest fire may
not be known.

The possibilities of practical application of the proposed mathematical models should be considered
also. To do this, you need to follow several steps. The first step is to choose a method for solving systems
of differential equations of heat conduction. In this work, for these purposes, the finite difference method
and the locally one-dimensional method are used. The second step is the choice of a programming lan-
guage for the software implementation of a specific mathematical model for the ignition of forest fuel.
In this work, the software implementation of mathematical models is performed using the Embarcadero
RAD Studio environment in the high-level programming language Delphi. Depending on the needs of
the developer, console or graphical applications can be created, and multithreaded data processing tools
can be used to create applications for multi-core processors. The third step is the choice of a system for
visualizing the results of calculating the probability of a forest fire according to the proposed probabi-
listic criteria. For example, in this work, the Origin Pro software package was used to visualize the field
of the virtual number of forest fires. In addition, the interaction of the developed application with host
systems for the development of geographic information systems can be organized. For example, ArcGIS
and QGIS systems are widely used for these purposes. In principle, step 2 and step 3 can be combined if
the software implementation is executed in a high-level programming language built into the geographic
information system. For example, the language constructs of the Python programming language can be
used in ArcGIS and QGIS systems.

The release of the present book will cause initiation and the subsequent development of paradigm of
deterministic-probabilistic to predict forest fires occurrence as aresult of storm activity and anthropogenic
load. The successful solution of problem of forest fires predicting for the purpose of their prevention
will allow to reduce destructive consequences of forest fires on ecosystems. The present book makes
contribution to development of perspective comprehensive approach of forest fire danger predicting
using mathematical models of forest fuel ignition by the various sources of high temperature and proba-
bilistic criteria which consider anthropogenic load, storm activity and meteorological parameters. In
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turn, expected information on the probability of forest fire occurrence can be used as input information
for systems and models which assess environmental impacts and economic losses from forest fires. The
present book can serve as model of carrying out complex researches of forest fire danger on the basis
of probabilistic criteria and mathematical models of forest fuel ignition which are developed and veri-
fied by means of results of experiments. Perhaps, the publication of the present book will become the
first step on the way of wide use of deterministic-probabilistic approach to predict forest fire danger for
problem solving of forest protection from the fires.

Nikolay Viktorovich Baranovskiy
Tomsk Polytechnic University, Russia
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Chapter 1

One-Dimensional Mathematical
Models to Simulate
Coniferous Tree Ignition

ABSTRACT

The results of numerical simulation of heating a coniferous tree (pine) by cloud-to-ground lightning
discharge are presented. The problem is solved in a one-dimensional formulation in a cylindrical coor-
dinate system. A four-layer structure of the coniferous trunk is considered taking into account the core,
subcortical layer, bark, and surface water layer. A parametric study of the effect of current-voltage
characteristics typical of negative and positive cloud-to-ground lightning discharges on the process of
heating the trunk wood has been carried out. The conditions for the ignition of a tree trunk in a typical
range of variation of the parameters of the impact of the discharge are established.

INTRODUCTION

Currently, the occurrence of forest fires is mainly due to anthropogenic causes (Baranovskiy, 2020a).
But in sparsely populated (Ivanov, 2006) and high-mountain (Conedera et al., 2006) regions, the occur-
rence of fires in forests during the passage of a thunderstorm as a result of cloud-to-ground lightning
discharge is of great importance (Latham and Williams, 2001). There are various variants of the deter-
minate-probability criterion for predicting forest fire danger (Baranovskiy, 2007; 2017), which includes
a subsystem for assessing the probability of forest fires from thunderstorms. But existing criteria do
not take into account the physical mechanism of wood ignition as a result of cloud-to-ground lightning
discharge. The main characteristics of cloud-to-ground lightning discharges are polarity, peak shock
current and voltage, as well as duration of action (Burke and Jones, 1996). Therefore, it is advisable to
create a methodology for predicting forest fires based on the mathematical formulation of the problem
of igniting a tree with a cloud-to-ground lightning discharge. Mathematical modeling of such a complex
process can avoid expensive experimental studies. Ignition of a tree by an electric lightning discharge is
characterized by high energy. To date, the results of modeling the processes of ignition of trunk wood
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due to cloud-to-ground lightning discharge have not been published. There are also no experimental data
on the dependences of the parameters of this process on the exposure conditions.

The purpose of the study is a mathematical simulation of the ignition of a coniferous tree by a cloud-
to-ground lightning discharge.

MATHEMATICAL STATEMENT

The processes of current flow have their own characteristics in the event of a lightning strike in the
trunk of a coniferous tree (belong to gymnosperms), for example, pine. In the structure of angiosperms,
a significant role is played by the vessels along which moisture moves (Esau, 1980). The inner part of
the trunk, penetrated by such transport channels, is a good conductor of electric current. One of the
differences in the structure of coniferous wood is the absence of vessels (Esau, 1980). Therefore, the
central part of the trunk of resinous conifers has much greater resistance than the bark and subcortical
layer (Fig. 1). As aresult of this, in a pine, the electric lightning discharge current passes mainly through
the outer layers saturated with moisture (Esau, 1980).

The following physical model is considered. A separate coniferous tree grows on the surface of the
land. A terrestrial lightning discharge of a certain polarity hits a tree trunk. An electric current from a
ground lightning discharge flows through the trunk. It is assumed that in different sections of the trunk
the current parameters are the same and it flows in the subcortical zone of the coniferous tree. As a
result, the wood is heated due to the Joule heat, and when certain heat fluxes from the subcortical zone
of the trunk and the critical temperature are reached, the wood ignites. The effect of wood moisture
on the ignition process is neglected. The last assumption is justified enough for short-term rains with
thunderstorms, as well as for the initial period of rain, when thunderstorm activity is usually maximum.
It should be noted that the scenario of current flow in the surface water layer is also considered. This is
consistent with a thunderstorm scenario, accompanied by precipitation.

The problem is solved for a cylinder that simulates a tree trunk. A certain section of the trunk is
considered. The scheme of the solution domain is presented in Fig. 1, where 1 is the core, 2 is the
subcortical zone, 3 is the bark of the tree trunk, 4 is the surface layer of water; R is ste water layer, R_
is the outer radius of the trunk, R, is the interface between the subcortical zone and the bark, R, is the
interface between the core and the subcortical zone.

Mathematically, the process of heating a tree with a cloud-to-ground lightning discharge before igni-
tion is described by a system of non-stationary differential heat equations:
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Figure 1. Area of the solution
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The boundary conditions for equations (1) - (4):
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oT, 0T,
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The initial conditions for equations (1) - (4):
1=0,T (=T (). i=1,2,34 (10)

where T,, p,, ¢, A, — temperature, density, heat capacity and thermal conductivity of the core (i=1),
subcortical zone (i=2), bark (i=3) of the trunk and surface water layer (i=4), respectively; a - heat
transfer coefficient; J is the current strength of a cloud-to-ground lightning discharge; U is the voltage
of a cloud-to-ground lightning discharge; r is spatial coordinate, t is time. The indices “e” and “0” cor-
respond to environmental parameters and wood parameters at the initial time.

Initial data (pine wood, core) (Zabolotny et al., 1995): p=500 kg/m*; c=1670 J/(kg'K); A=0.12 W/
(m°K). Subcortical layer parameters: p=500 kg/m*; c=2600 J/(kg'K); A=0.35 W/(m'K). Thermophysical
characteristics of the bark: p=500 kg/m?; c=1670 J/(kg'K); A=0.12 W/(m'K). Thermophysical proper-
ties of the water layer: p=1000 kg/m?; c=4215 J/(kg'K); A=0.569 W/(m'K). Geometric characteristics
of the solution area: R =0.255 m; R =0.25 m; R =0.245 m; R,=0.235 m. Environmental parameters:
T =300 K, a=80 W/(m*K).

RESULTS AND DISCUSSION

The formulated mathematical model with the corresponding boundary and initial conditions was solved
by the finite difference method (Samarskiy, 1983). To solve the difference analogues of one-dimensional
differential equations, the marching method (Samarskiy, 1983) was used.

Quite extensive information is known on the parameters of cloud-to-ground-based lightning dis-
charges. Average peak shock current (Soriano et al., 2005): J = 23.5 kA for a negative discharge and J
= 35.3 kA for a positive discharge. About 16.5% of positive discharges have a current of less than 10
kA (Cummins et al., 1998).

A parametric study of the influence of the cloud-to-ground lightning discharge on the process of heat-
ing the trunk wood during a lightning pulse is carried out. It should be noted that so far no experimental
data on the kinetics of the ignition process of large wood masses have been published. Obviously, this is
due to the difficulties of a real experimental study of this process. But an approach is known (Zabolotny
etal., 1995), in which the ignition conditions of coniferous wood (pine) are described by two parameters
(heat flux and ignition surface temperature). In fact, in (Zabolotny et al., 1995) the process of gas-phase
ignition of a condensed substance is simulated under conditions of high heat fluxes and relatively short
times of exposure to a heating source with an excess of oxidizing agent. The experimental data (Zabo-
lotny et al., 1995) on the critical temperature and heat flux to the crustal surface are used in the present
work as ignition criteria.
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When conducting numerical studies, it was assumed that a negative thunderstorm discharge lasting 500
ms with a peak current of 23.5 kA and a voltage of 100 kV acts on the pine. These are typical discharge
parameters (Soriano et al., 2005; Cummins et al., 1998). Figure 2 shows the temperature distribution
along the radius of a tree trunk at various points in time before and at the time of ignition of a tree trunk
by electric current: a) - t =0.01 s; b) - 0.1 5;¢)0.3s;d)-0.5s.

Figure 3 shows the time dependence of the heat flux from the subcortical zone to the ignition surface
of the tree trunk and the temperature of this boundary at various points in time. The ignition conditions
of the trunk wood were determined by experimental data [9] (Table 1):

Table 1. Experimental data on the ignition conditions of pine wood (Zabolotny et al., 1995)

Ignition delay, s Heat flux, kw/m?> Surface temperature, K
63.5 12.5 658
45.0 21 700
11.1 42 726
2.6 84 773
0.4 210 867

Table 2 shows the results of numerical calculations of the ignition conditions (depending on the volt-
age of a cloud-to-ground lightning discharge with a flash duration of 500 ms).

Table 2. The conditions of ignition of a tree depending on the discharge voltage at a current of J=23.5 kA

Voltage, U, kV Ignition conditions (Zabolotny et al., 1995) SIS “’I‘;‘perat“re’ Heat flux, kW/m?
1-85 No <867 <210
90 Yes 867 242
95 Yes 867 246
100 Yes 867 249
105 Yes 867 252
110 Yes 867 255

Table 3 shows the ignition conditions depending on the current of a cloud-to-ground lightning dis-
charge at a voltage of U=100 kV.

Analysis of the results presented in Fig. 2, shows that as a result of the action of the considered
ground lightning discharge, the tree trunk in the subcortical zone is heated to temperatures at which
natural combustible materials burn (more than 1200 K). The analyzed results allow us to conclude that
the tree trunk is ignited and, at least, carbonized. In addition, at such temperatures, wood material is
ablated to form furrows on the outside of the trunk. This conclusion is consistent with observations of
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Table 3. The ignition conditions of the tree trunk, depending on the current at a voltage of U=100 kV

Current, J, kA Ignition conditions (Zabolotny et al., 1995) B 28D tel? perature, Heat flux, kW/m?
1-20 No <867 <210
23.5 Yes 867 249
30 Yes 867 264
35 Yes 867 274

thunderstorms (Plummer, 1912), where it is indicated that as a result of a cloud-to-ground lightning
discharge, the tree was charred.

An analysis of the dependences of the heat flux and the temperature of the boundary of the subcorti-
cal zone (Fig. 3) shows that, in terms of temperature (867 K) and heat flux (249 kW / m2), the ignition
conditions for the discharge under consideration are achieved for fairly typical parameters of a lightning
discharge.

Figure 4 shows the temperature distribution along the radius of a tree trunk in the case of a surface
water layer. In this case, two regions of elevated temperature can be observed. The first area is the sub-
cortical zone. The second area is the surface layer of water and the surface layer of the bark. In the second
region, the temperature is about two times lower, since part of the heat is removed to the environment.

An analysis of Figure 5 shows that in the second zone, over a long period of exposure, temperatures
and heat fluxes are reached, which can lead to ignition of the bark layer. According to table 1, the igni-
tion delay in this case will increase by about 10 seconds relative to the subcortical layer.

Figure 2. The temperature distribution along the radius of the tree trunk at various points in time (dura-
tion of the discharge is 500 ms): a) -t = 0.0l s; b) - 0.1 s, ¢c) 0.3 s, d) 0.5 s
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Figure 3. The heat flux from the subcortical zone (2) to the ignition surface and its temperature (1) at
various points in time
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The results also show that the assessment of the conditions for the occurrence of forest fires as a

Figure 4. The temperature distribution along the radius of the tree trunk, taking into account the water
layer at different points in time (duration of the discharge 500 ms): a) - t = 0.01 s, b) - 0.1 s; c) 0.3 s;
d)05s
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Figure 5. The heat flux to the ignition surface and its temperature (1) at various points in time from the
subcortical zone (2) and the surface layer of water (3)
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result of lightning discharges can be carried out using a fairly simple mathematical model (1) - (10).
This model can be easily implemented as part of forest fire danger prediction systems (Baranovskiy,
2020b; Adab et al., 2013). The initial data for the operation of such a model are the parameters of a
cloud-to-ground lightning discharge and the characteristics of wood. The voltage, current, and dura-
tion of a specific discharge can be estimated or even fixed by means of modern systems for recording
thunderstorm activity (Burke and Jones, 1996; Soriano et al., 2005; Cummins et al., 1998). The ther-
mophysical characteristics of any type of wood can be determined by fairly simple methods (Zabolotny
et al., 1995) for each moisture level.

CONCLUSION

The result of this study is the numerical implementation of a mathematical model of conifer warming
up as a result of the flow of electric lightning current through it. In the process of parametric research,
the conditions for the implementation of the phenomenon under consideration are identified, which are
characteristic of a typical range of changes in the parameters of a cloud-to-ground lightning discharge. The
possibility of coniferous tree ignition under conditions of a thunderstorm discharge by a cloud-to-ground
discharge is shown. The presented physical and mathematical model can be included in the subsystem
for assessing the probability of occurrence of forest fire accidents. In addition, the results complement
the theoretical basis for the further development of ignition models for fire danger prediction and as-
sessment (Al Janabi et al., 2017; Bui et al., 2017; CWFIS, 2020; Cardille et al., 2001; Chen et al., 2017,
Curt et al., 2016; Ganteaume and Guerra, 2018; Chen et al., 2020; Glagolev et al., 2020; Papagiannaki
et al., 2020; Silva et al., 2020; Wierzchowski et al., 2002; Yankovich and Yankovich, 2020)[16-28].
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KEY TERMS AND DEFINITIONS

Cloud-to-Ground Lightning Discharge: An electrical discharge during a thunderstorm that occurs
between a cloud and the earth’s surface. It is a natural source of forest fires.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: ground forest fuel (needles, leaves and dry grass, small
branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Lightning Activity: An atmospheric phenomenon characterized by discharges of the cloud-to-cloud
and cloud-to-ground class.

Mathematical Simulation: The production of a computer model of forest fire conditions and pre-
requisites, especially for the purpose of study.

Meteorological Parameters: Physical characteristics of local weather conditions in the forested area
under consideration. Key parameters include ambient temperature, soil temperature, precipitation, wind
speed, solar radiation, cloud cover, dew point temperature. These parameters are used for mathematical
modeling of the drying of a layer of forest fuel.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 2

Two-Dimensional Mathematical
Models to Simulate
Coniferous Tree Ignition

ABSTRACT

The physical and mathematical formulation and results of the numerical solution of the problem for
ignition of a coniferous tree (pine) by a cloud-to-ground lightning discharge are presented. The problem
is considered in a flat formulation in a cylindrical coordinate system. The features of current flow and
heat transfer are considered taking into account the localization of reactive wood and the presence of
a surface layer of water. A parametric analysis was carried out, and the conditions for the ignition of a
tree trunk were determined in a typical range of the exposure to negative and positive discharges.

INTRODUCTION

The natural phenomenon of thunderstorm activity (Kozlov and Mullayarov, 2004) is one of the causes
of many forest fires (Flannigan and Wotton, 1991). Thunderstorms create a particularly tense situation
in sparsely populated (Ivanov, 2006) and highland (Conedera et al., 2006) regions. As a rule, a cloud-to-
ground lightning discharge is a source of fire (Latham and Williams, 2001). Recently, attempts have been
made to assess forest fire danger (including thunderstorms) using empirical (Kurbatskiy and Kostyrina,
1977; Larjavaara et al., 2005) and deterministic-probabilistic (Baranovskiy, 2007; 2017) approaches.

In addition, to date, no mathematical models have been created that are adequate to the real physical
mechanism of ignition of a tree as a result of the cloud-to-ground lightning discharge. Polarity, peak
current and voltage, and duration of action are the main characteristics of cloud-to-ground lightning
discharges (Burke and Jones, 1996). The average peak current can reach (Soriano et al., 2005): J = 23.5
kA for a negative discharge and J = 35.3 kA for a positive discharge. At the same time, 16.5% of positive
discharges have a current of less than 10 kA (Cummins et al., 1998).

It is known (Zabolotny et al., 1995) that ignition of wood by an energy source is possible when a
certain level of heat fluxes in the zone of fuel gasification, temperatures of a mixture of air with wood

DOI: 10.4018/978-1-7998-7250-4.ch002
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pyrolysis products and concentrations of gaseous fuel in the mixture are reached. The combustion condi-
tions of wood are significantly influenced by the moisture content in the porous structure of the initial
material. But even for dry wood, the solution of the ignition problem is, for a number of reasons, much
more complicated than, for example, for polymer materials or rocket fuels (Vilyunov, 1984). One of the
important factors, which, among many, must be taken into account when analyzing the ignition condi-
tions for real wood, is its significant structural heterogeneity. The uneven distribution of branches along
the length of the tree trunk should affect the conditions for the passage of the discharge and, accordingly,
the intensity of heating and the achievement of ignition conditions. For this reason, it is expedient to
simulate the process of heating the wood of a coniferous tree trunk under the influence of a lightning
discharge in a two-dimensional setting.

The purpose of this study is to determine the conditions for the ignition of a coniferous tree by a
cloud-to-ground lightning discharge, depending on the discharge parameters, taking into account the
non-uniform process of heat propagation along the trunk.

MATHEMATICAL STATEMENT

The flow of electric current has its own characteristics in the event of a lightning strike into the trunk of
a coniferous tree, since the resistance of the wood of the resinous tree itself is much greater than the bark
and subcrustal layer. Therefore, the electric current of a lightning discharge in the trunk of a coniferous
tree passes mainly through the outer layers, without penetrating inside. Of particular interest is the study
of heat transfer taking into account the localization of the so-called reactive wood. Such wood is formed
in the lower part of the branches of coniferous trees and is also called compression wood. Reactive wood
differs from ordinary wood by its physicochemical properties (Esau, 1980).

To describe the modeled process, the following physical model is adopted. A freestanding coniferous
tree is considered. At a fixed moment in time, a lightning discharge of a certain polarity and duration
strikes the tree trunk. It is believed that the current-voltage characteristics of the discharge are the same
for different sections of the tree trunk. The heating of the trunk wood occurs due to the Joule heat gener-
ated in the subcrustal zone of the tree trunk and in the surface layer of water. As a result of the electric
current, the wood heats up and when critical heat fluxes from the subcrustal zone of the trunk to the
ignition surface and its temperature are reached, the wood is ignited. The influence of wood moisture
on the ignition process is neglected.

The solution area is shown in Fig. 1.a, 1.c, where the numbers indicate the areas: 1 - the core of the
tree trunk; 2 - subcortical zone; 3 - tree bark; 4 - wood from the upper part of the branches; 5 - reactive
wood of the lower part of the branches; 6 - part of the subcortical zone, which has the same properties
as area 4; 7 - part of the subcortical zone, which has the same properties as area 5; 8 - part of the core,
which has the same properties as area 4; 9 - part of the core, which has the same properties as area 5;
10, 11 - air; 12.13 - surface layer of water. The boundaries of the regions are indicated in Fig. 1.b, 1.d.

Heat transfer in the system under consideration is described using nonstationary heat conduction
equations:
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Figure 1. Scheme of the solution domain (a, c) and the boundaries of subdomains (b, d)
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At the initial moment of time, the temperature field is constant:
T =T, 12)
Boundary conditions for equations (1) - (11):
oT
r: L=0, (13)
0 )\1 67'
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oT
r:\—=t=0,i=1,23, (14)
P
oT
r:—A\ 8_ =a(T —-T),i=1,23, (15)
VA
0T
o\ —t=a(l ~T), (16)
0T
LA ; =a (T —-T), (17)
oT oT
LA 8; =\ 8; ,T=T, (18)
oT
r:\—=a(T -T), (19)
1.2 4 82 e e 4
0T oT
L0\ 825 =\ 6’; , T=T, (20)
0T,
Fzz: _>‘5 8; = Oée<Te - Ts) ’ 2n
oT 0T
NI 8; =\ Z5,T4=T5 (22)
oT, oT,
LA =\ T=T (23)
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T =T

L. )\4 88T4 = oze(T6 — T4),
r
NP 8—1;5 =a (T -
r,:T=T,
L, T=T,
L T=T,
0T,

6.4° 6

oT oT
Pt Ay 87’3 =X or
oT oT

| JEEEDY 3=\ T

7.2 3 a,r 7 ar

, T.=T

3 7

(24)

(25)

(26)

27)

(28)

(29)

(30)

3D

(32)

where T, p,, A,, c. are the temperature, density, thermal conductivity and heat capacity of the correspond-
ing subdomains (i = 1, ..., 7), J is the current, U is the voltage, o, a_are the heat transfer coefficients,
r, z are spatial coordinates, tis time, R is the surface layer of water, R is the outer radius of the trunk,
R, is the interface between the bark and the subcortical zone, R, 18 the interface between the core of the
trunk and the subcortical zone, H_ is the height of the tree trunk, H H, - thickness of the zone of reactive
wood (lower zone of the branch), H H, - thickness of the upper zone of the branch, I',, - designations
of the boundaries of areas

18

printed on 2/14/2023 5:21 AMvia .

Al'l use subject to https://ww. ebsco.conitermns-of-use



EBSCChost -

Two-Dimensional Mathematical Models to Simulate Coniferous Tree Ignition

Numerical studies were carried out with the following initial data (pine wood, core) (Zabolotny et al.,
1995): p=500 kg/m?; c=1670 J/(kg'K); A=0.12 W/(m'K). Subcrustal layer parameters: p=500 kg/m?;
¢=2600 J/(kg'K); A=0.35 W/(m'K). Thermophysical characteristics of the bark: p=500 kg/m?; c=1670
J/(kg'K); A= 0.12 W/(m'K). Thermophysical characteristics of reactive wood: p=550 kg/m?; c=16701J/
(kg'K); A=0.12 W/(mK). Thermophysical properties of the water layer: p=1000kg/m?; c=4215J/(kg'K);
A=0.569 W/(m'K). Geometrical characteristics of the solution area: R =0.255 m; R =0.25 m; R =0.245
m; R, =0.235m; R =0.225m; R _=0.5 m; H=17 m; HH,=0.05 m; H2H3=0.05 m. Environmental

reacl reac2

parameters: T =300 K, T =297 K, « =80 W/(m*K), a =20 W/(m*K).

RESULTS AND DISCUSSION

The formulated system of equations (1) - (11) with boundary and initial conditions (12) - (32) was
solved locally by a one-dimensional finite-difference method [16]. To solve difference analogs of one-
dimensional equations, the marching method was used (Samarskiy, 1983).

Figure 2. Temperature distribution along the radius and height of the tree trunk at different times: a) - t
=0.015s;,b)-0.1s;¢c)-0.3s;,d)-0.5s

1205 1205

1114 1114

1023 1023

9320 0320

Ba10 8410

7500 750,0

65,0 6500

9830 888.0

4770 477,0

386.0 3860

2950 | 2650

1208

1114

- 9320
8410
7500
6590
568.0
4770
3880

2050

19

printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Two-Dimensional Mathematical Models to Simulate Coniferous Tree Ignition

A typical ignition scenario is considered. A cloud-to-ground lightning discharge of negative polarity
with a duration of 500 ms with a peak current of 23.5 kA and a voltage of 100 kV strikes a pine trunk
(Popov et al., 1977). Fig. 2 shows the temperature distribution along the radius and height of the trunk
of a coniferous tree at different points in time: a) -t =0.01 s;b) - 0.1 s;¢) - 0.3 s; d) - 0.5 s. Fig. 4 shows
the dependences of the heat flux from the subcrustal zone of the tree trunk on time at different heights
from the ground surface. Fig. 5 shows the dependence of the temperature of the border of the subcrustal
zone of the tree trunk on time at certain levels above the earth’s surface. In fig. 4,5, numbers 1 and 2
indicate the curves for ordinary (z = 8.2 m) and reactive (z = 8.47 m) wood, respectively.

Figure 3. Temperature distribution along the radius and height of the tree trunk at different points in
time, taking into account the surface layer of water: a) -t = 0.01 s; b) - 0.1 s; c)- 0.3 s, d) - 0.5 s
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In this work, it is proposed to use experimentally determined ignition conditions as ignition criteria.
Within the framework of the study under consideration, these conditions were numerically determined
for ordinary and reactive wood. Conditions (Zabolotny et al., 1995) were used as ignition criteria (Table
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1). A similar approach in determining the conditions of ignition was used in (Beltsova and Korolchenko,
2008).

Figure 3 shows the distribution of temperature along the radius and height of the trunk of a coniferous
tree at different times, taking into account the surface layer of water: a) - t = 0.01 s; b) - 0.1 s5;¢) - 0.3
s;d)-0.5s.

Table 1. Experimentally determined pine ignition conditions (Zabolotny et al., 1995)

Ignition delay, s Heat flux, kW/m? Surface temperature, K
63.5 12.5 658
45.0 21 700
11.1 42 726
2.6 84 773
0.4 210 867

Research has been carried out on the influence of the current-voltage characteristics of a cloud-to-
ground lightning discharge on the ignition of a coniferous tree trunk. Table 2 shows the ignition condi-

Table 2. Numerically determined ignition conditions for a coniferous tree depending on the discharge
voltage at a current J=23.5 kA (z=8.2 m)

Voltage, U, kV Ignition conditions (Zabolotny et al., 1995) SREtice tel? perature, Heat flux, kW/m?
1-85 No <867 <210
90 Yes 867 242
95 Yes 867 246
100 Yes 867 249
105 Yes 867 252
110 Yes 867 255

Table 3. Numerically determined conditions for the ignition of a tree trunk depending on the current at
a voltage of U=100 kV (z=8.2 m)

Current, J, kA Ignition conditions (Zabolotny et al., 1995) ST 26 ‘el';“’erat“re’ Heat flux, kW/m?
1-20 No <867 <210
235 Yes 867 249
30 Yes 867 264
35 Yes 867 274
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tions, determined numerically, depending on the voltage of the ground lightning discharge at the current
J=23.5 kA for a representative section of the tree trunk (z=8.2 m).

Table 3 shows the ignition conditions, determined numerically, depending on the current of the
cloud-to-ground lightning discharge at a voltage of U=100 kV for a representative section of a tree trunk.

Analysis of the results presented in Tables 2 and 3 shows that a typical cloud-to-ground lightning
discharge with parameters (U=100 - 110 kV and J=23.5 - 35 kA) causes ignition of ordinary coniferous
wood. These conditions were established earlier in the approximation of a one-dimensional mathematical
model of ignition of a coniferous tree trunk by a cloud-to-ground lightning discharge (Kuznetsov and
Baranovskiy, 2008). It can be concluded that most cloud-to-ground lightning discharges cause ignition
of ordinary coniferous wood.

Table 4 shows the theoretically determined ignition conditions for reactive wood depending on the
voltage of a cloud-to-ground lightning discharge at a current J=23.5 kA (z=8.47 m)

Table 4. Numerically determined conditions for the ignition of reactive wood depending on the discharge
voltage at a current J=23.5 kA (z=8.47 m)

Voltage, U, kV Ignition conditions (Zabolotny et al., 1995) S e tel? perature, Heat flux, kW/m?
1-85 <867 <210
90 <867 215
95 No <867 227
100 <867 238
105 <867 250
110 Yes 867 255

Table 5 shows the theoretically determined conditions for the ignition of reactive wood depending
on the current of a cloud-to-ground lightning discharge at a voltage of U=100 kV (z=8.47 m).

Analysis of the results of numerical modeling allows us to conclude that the ignition conditions (Zabo-
lotny et al., 1995) are not always satisfied for reactive wood, while they are simultaneously fulfilled for
ordinary wood. In a parametric study of the influence of the lightning discharge voltage, it was found that
only at a voltage of 110 kV and higher is the fulfillment of the ignition conditions observed (Zabolotny

Table 5. Numerically determined ignition conditions for reactive wood depending on the current at a
voltage of U=100 kV (z=8.47 m)

Current, J, kA Ignition conditions (Zabolotny et al., 1995) SIS tel‘;‘perat“re’ Heat flux, kW/m?
1-20 <867 <210
No
235 <867 238
30 Yes 867 264
35 Yes 867 274
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Figure 4. Dependence of the heat flux from the subcrustal zone to the ignition surface on time: 1 - or-
dinary wood (z = 8.2 m, r = 0.244 m), 2 - reactive wood (z = 8.47 m, r = 0.244 m)
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et al., 1995). A similar variation in the current of a cloud-to-ground lightning discharge showed that
ignition conditions are achieved only at a current of 30 kA and higher (Zabolotny et al., 1995).

Analyzing in aggregate the results presented in Fig. 2, we can conclude that as a result of the action
of the considered cloud-to-ground lightning discharge, the tree trunk in the subcrustal zone is heated
to temperatures at which forest fuels burn (more than 1200 K). Therefore, it can be concluded that the
tree trunk ignites under the conditions under consideration. A logical consequence of the differences in
the thermophysical properties of ordinary and reactive wood is a lower temperature field in the region
of reactive wood with other identical conditions. A cloud-to-ground lightning discharge with medium
volt-ampere characteristics cannot ignite reactive coniferous wood.

Figure 5. Dependence of the temperature of the border of the subcrustal zone of the coniferous tree
trunk on time: 1 - ordinary wood (z = 8.2 m, r = 0.244 m), 2 - reactive wood (z = 8.47 m, r = 0.244 m)
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Figure 3 shows the distribution of temperature along the radius of a tree trunk in the case of a surface
layer of water. In this case, two areas of increased temperature can be observed. The first area is the
subcortical area. The second area is the surface layer of water and the near-surface layer of the bark. In
the second area, the temperature is approximately two times lower, since part of the heat is removed to
the environment.

Analysis of the results shows that in the second zone, over a long period of exposure, temperatures
and heat fluxes are reached, which can lead to the ignition of the bark layer. According to the data in
Table 1, the ignition delay in this case will increase by about 10 seconds relative to the subcortical zone
layer. However, reactive wood cannot be ignited.

An analysis of the dependences of the heat flux and the temperature of the subcrustal zone boundary
(Fig. 4 and Fig. 5) shows that in terms of temperature (867 K) and heat flux (249 kW/m?), the ignition
conditions for ordinary wood are achieved for fairly typical parameters of a lightning discharge. At the
same time, there is a lag in heating the ignition surface and lower heat fluxes to it in the case of reactive
wood.

The results obtained allow us to conclude that the presence of branches changes the nature of the
ignition of the trunk of a coniferous tree. This effect cannot be taken into account in the one-dimensional
setting. In the presence of a surface layer of water, the bark wood can also be ignited, but the branches
do not ignite in the reactive wood zone.

CONCLUSION

An important scientific and practical problem was solved. A physical and mathematical model of co-
niferous tree ignition was developed, taking into account the localization of reactive wood. The ignition
conditions are established, which are characteristic for a typical range of the lightning discharge. In the
zone of reactive wood, an area of lower temperature is formed, and as a consequence, it can be expected
that a lightning discharge with the same current-voltage characteristics will more likely lead to the igni-
tion of tall trees with a small number of branches. Conversely, the ignition of trees with a developed
system of branches and twigs is unlikely. In the presence of a surface layer of water, the bark wood can
also be ignited, but the branches do not ignite in the reactive wood zone.

The results obtained create conditions for the further development of models for the ignition of fire
hazardous materials and deterministic-probabilistic approaches to assessing the fire danger in forests
(Adab et al., 2013; Al Janabi et al., 2017; Bui et al., 2017; CWFIS, 2020; Cardille et al., 2001; Chen et
al., 2017; Chen et al., 2020; Curt et al., 2016; Glagolev et al., 2020; Papagiannaki et al., 2020; Wier-
zchowski et al., 2002; Yankovich and Yankovich, 2020).
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KEY TERMS AND DEFINITIONS

Cloud-to-Ground Lightning Discharge: An electrical discharge during a thunderstorm that occurs
between a cloud and the earth’s surface. It is a natural source of forest fires.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: ground forest fuel (needles, leaves and dry grass, small
branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Lightning Activity: An atmospheric phenomenon characterized by discharges of the cloud-to-cloud
and cloud-to-ground class.

Mathematical Simulation: The production of a computer model of forest fire conditions and pre-
requisites, especially for the purpose of study.

Meteorological Parameters: Physical characteristics of local weather conditions in the forested area
under consideration. Key parameters include ambient temperature, soil temperature, precipitation, wind
speed, solar radiation, cloud cover, dew point temperature. These parameters are used for mathematical
modeling of the drying of a layer of forest fuel.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 3

Three-Dimensional
Mathematical Models
to Simulate Coniferous
Tree Ignition

ABSTRACT

The results of the numerical implementation of the spatial formulation for the problem of coniferous tree
ignition by an electric current of a cloud-to-ground lightning discharge are presented. The problem is
solved in a three-dimensional formulation in a cylindrical coordinate system. The axisymmetric formula-
tion of the problem is considered. Localization of reactive wood, structural inhomogeneity of the bark,
current-voltage characteristics of a cloud-to-ground lightning discharge, and chemical reaction in the
gas phase are taken into account. The conditions for the ignition of a coniferous tree in the typical range
of the discharge effect are revealed.

INTRODUCTION

Further development of international and domestic methods for predicting forest fire danger in the boreal
zone is possible by improving the physical and mathematical models of ignition of coniferous trees and
forest fuels in a thunderstorm situation (Baranovskiy and Kuznetsov, 2017; Baranovskiy et al., 2017;
Latham and Williams, 2001; Zhang et al., 2020). Such models are implemented in one-dimensional
and two-dimensional formulations. Ignition of the trunk wood is possible only at certain values of the
parameters of a cloud-to-ground lightning discharge (polarity, peak current and voltage, as well as dura-
tion) (Soriano et al., 2005).

From experimental studies (Zabolotny et al., 1995) it is known that ignition of wood by an energy
source is possible when a certain level of heat fluxes and temperature of its surface are reached. An
important factor in the fire danger of trees is their complex spatial structure, in particular, the presence
of branches and structural heterogeneity of the bark. In real ignitions, wood is heated and pyrolyzed with
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the release of gaseous products, the ignition of which occurs under certain conditions. It is necessary to
determine the ignition delay time of a conifer when an electric current of a cloud-to-ground lightning
discharge passes through its trunk and to identify the spatial effects of the process under consideration.
For this reason, it is advisable to simulate the process of ignition of a coniferous trunk under the action
of a lightning discharge in a three-dimensional setting.

The aim of the study is mathematical modeling of the ignition of a coniferous tree by electric current
of a cloud-to-ground lightning discharge in a spatial setting, taking into account the main factors and
determining the conditions for its ignition.

MATHEMATICAL STATEMENT

According to (Esau, 1980; Yavorskiy and Seleznev, 1984), the electric current of a cloud-to-ground light-
ning discharge passes in the subcortical zone of the coniferous tree trunk without penetrating inside. The
main assumptions and suggestions: 1) reactive wood is formed in the lower part of the branches (Esau,
1980); 2) the approximation of an “ideal” crack in the bark is used (Baranovskiy and Kuznetsov, 2017);
3) in the calculations only the part of the branch growing from the trunk is considered. The rest of the
continuation is not considered, since it was previously established that during the exposure to electric
current the outer part of the branch does not have time to warm up; 4) the main product of pyrolysis is
carbon monoxide (Grishin, 1997); 5) the leading chemical reaction is the oxidation of carbon monoxide
to carbon dioxide (Grishin and Shipulina, 2002); 6) the tree is considered as a conductor of the resistor
type, for which Ohm’s and Joule-Lenz’s laws are valid (Yavorskiy and Seleznev, 1984).

The following physical model is adopted to describe the simulated process. A freestanding coniferous
tree is considered. At a fixed moment in time, a lightning discharge of a certain polarity and duration
strikes the tree trunk. It is believed that the current-voltage characteristics of the discharge are the same
for different sections of the tree trunk. As a result of the flow of electric current in the subcortical zone,
the wood is heated by the release of Joule heat. In the process of further heating, thermal decomposition
of wood occurs with the formation of gaseous pyrolysis products. The pyrolysis products instantly enter
the gas phase and mix with the oxidizing agent. At certain temperatures and concentrations of reagents,
a chemical oxidation reaction of carbon monoxide occurs. It is considered that ignition occurs if the
critical values of the following parameters are reached: 1) the heat flux from the chemical reaction zone
exceeds the heat flux from the subcrustal zone of the tree; 2) the temperature of the gas mixture. The
influence of wood moisture on the ignition process is neglected. The solution domain is shown in Fig.
1a, and the boundaries of the regions are indicated in Fig. 1.b.

The ignition of a coniferous tree by a cloud-to-ground lightning discharge is described by a system
of three-dimensional nonstationary nonlinear equations of heat conduction and diffusion (1) - (26). For
numerical implementation, a locally one-dimensional finite-difference method was used (Samarskiy and
Vabishchevich, 2001). Difference analogs of one-dimensional heat conduction equations were solved by
the marching method in combination with the simple iteration method (Samarskiy, 1983).
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Figure 1. Solution domain (a) and subdomain boundaries (b)
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Initial and boundary conditions for the system of equations (1) - (26).
Boundary conditions outside the branch area:
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Boundary conditions on the inside of the branch:
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Boundary conditions on the lower edge of the branch:
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Boundary conditions on the upper edge of the branch:
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Conditions at the crack boundary, excluding the right edge of the branch:
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where T, p,, ¢, A, are the temperature, density, heat capacity and thermal conductivity, respectively, of
the inner part of the trunk (i=1), subcortical zone (i=2), bark (i=3), upper part of the branch (i=4,5,6),
the lower part of the branch (i=7,8,9); C,, M, — concentration and molar mass of oxygen (i=10), carbon
monoxide (i=11) and inert components (i=12); a - heat transfer coefficient; J is the current; U is the
voltage; @, — volume fractions of organic matter (i=13) and gas phase (i=14); P is the pressure in the
gas phase; x; are auxiliary factors; M is molar mass; Q  is the thermal effect of pyrolysis; k_is the preex-
ponential factor of the pyrolysis reaction; E | is the activation energy of the pyrolysis reaction; Q is the
heat effect of the oxidation reaction of carbon monoxide; k, is the preexponential factor of the oxidation
reaction of carbon monoxide; E, is the activation energy of the oxidation reaction of carbon monoxide;
v, - fraction of heat absorbed by the wood layer; Y, - mass flow; D is the diffusion coefficient; R is the
universal gas constant; r,¢,z - cylindrical coordinates; tis time. R_is the boundary of the computational
domain, R is the outer radius of the trunk, R, is the interface between the bark and the subcortical zone,
R, is the interface between the core of the trunk and the subcortical zone, R is the left boundary of the
branch originating from the tree trunk, H H, is the thickness of the reactive wood zone (lower parts of
the branch), H H, - thickness of the upper part of the branch, I', - designations of the boundaries of the
regions. Indices “€” and “0” correspond to the parameters of the external environment and parameters at
the initial moment of time. Indexes “b”, “t” correspond to the parameters at the lower and upper bound-
aries of the computational domain along the vertical of the wellbore. The indices in the designation of
the boundaries of the structural heterogeneity (branches and cracks) are intended for their numbering.
Numerical modeling was carried out using the following initial data (pine wood, inner part): p=500
kg/m3;c=16701J/(kg'K); A=0.12 W/(m'K). Subcrustal layer parameters: p=500kg/m?; c=2600J/(kg'K);
A=0.35 W/(m'K). Thermophysical characteristics of the bark: p=500 kg/m* c=1670 J/(kg'K); A=0.12
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W/(mK). Thermophysical characteristics of reactive wood: p=650 kg/m*; c=1670J/(kg'K); A=0.12 W/
(m'K). Geometric characteristics of the solution area: R =0.3 m; R =0.25 m; R =0.245 m; R,=0.235 m;
R =0.225 m. H H,=0.05 m, H,H,=0.05 m. Environmental parameters: T, =300 K.

I

RESULTS AND DISCUSSION

Numerical modeling in a three-dimensional setting shows that an increase in the dimension of the prob-
lem does not allow revealing new patterns. The main results coincide with the calculations obtained for
a set of two-dimensional problems: (a) taking into account the localization of reactive wood; b) taking
into account the chemical reactions in the gas phase and c) a one-dimensional formulation that takes
into account the influence of the M-components of the cloud-to-ground lightning discharge. Thus, the
three-dimensional formulation is a generalization of the coniferous tree ignition problem. Fig. 2 shows the
temperature distribution in a horizontal section. Fig. 3 shows the distribution of the gas phase components
at the moment of ignition in different sections. Fig. 4 illustrates the dependence of volume fractions of
dry organic matter and gas in the region of the subcortical zone.

The influence of the current-voltage characteristics of a cloud-to-ground lightning discharge on the
ignition of a tree trunk as a result of the passage of an electric current of a cloud-to-ground lightning
discharge has been investigated. Taking into account the approximation of an “ideal” crack, the same
ignition delays were obtained as for simpler one-dimensional and two-dimensional models. The use of
this model made it possible to establish that it is in the places of localization of cracks that coniferous
wood ignites. Moreover, the crack in the bark should deepen almost to the subcrustal layer. Since the
presence of a crustal barrier even 1.5 mm thick does not allow the gas mixture in the crack to warm up
to temperatures at which the oxidation reaction of carbon monoxide to carbon dioxide occurs during
the period of the cloud-to-ground lightning discharge current. At the same time, the concentration of
reacting gases in such a crack is sufficient (Fig. 3), so that in the case of an increase in the temperature
of the gas phase to a certain value, such a reaction begins.

As aresult of the action of the considered cloud-to-ground lightning discharge, the tree trunk in the
subcrustal zone is heated to high temperatures and wood pyrolysis occurs. In the area of the crack, upon
reaching a certain temperature of the gas mixture and the concentrations of the reacting components,
they interact with the release of heat. The response area is located at a small distance from the bottom
of the fracture and is characterized by a zone of elevated temperature in the trunk fracture.

It was found that the volume fraction of the gas phase in the decomposing subcrustal layer has a slight
increase near the bottom of the crack. To this zone there is an influx of heat from a chemical reaction in
a gas mixture and wood pyrolysis occurs more intensively. Numerical calculations have shown that as a
result of the inflow of heat from the gas mixture, thermal decomposition of the side walls of the crack
occurs, but the value of the mass flux of the gaseous combustible components of pyrolysis is less than 5%
(the exact value depends on the radial coordinate) of the value of the mass flux of these components at
the boundary passing through bottom of the crack. Therefore, the influx of carbon monoxide from these
boundaries can be neglected. The boundary conditions for the diffusion equation of the combustible com-
ponent presented in this article should be used. The bulk of combustible gaseous components is formed
during the pyrolysis of the subcrustal zone of the tree trunk. This is evidenced by the results presented in
Fig. 4. Moreover, any noticeable decomposition of wood and the transition of combustible components
to the gas phase occurs at exposure times of the considered cloud-to-ground lightning discharge more
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Figure 2. Temperature distributions in the horizontal section of the tree trunk: a) 0.01 s; b) 0.1 s; c) 0.3
s, 0.463 s (ignition moment)
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than 0.3 s. That is, a short-term discharge with the indicated volt-ampere characteristics will not lead
to ignition of the wood of the tree trunk, for at least two reasons. First, the insufficient concentration
of combustible components in the gas mixture. Secondly, insufficient heating of the gas mixture itself.

The development of an improved three-dimensional mathematical model allows us to evaluate the
ignition conditions in coniferous forests. This model can be applied in practice and implemented as part
of forest fire danger predicting systems (Adab et al., 2013; Al Janabi et al., 2017; Belikova and Glebova,
2020; Buietal., 2017; CWFIS, 2020; Cardille et al., 2001; Chen et al., 2017; Chen et al., 2020; Curt et al.,
2016; Ganteaume and Guerra, 2018; Glagolev et al., 2020; Glagolev and Zubareva, 2020; Papagiannaki
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Figure 3. The dependences of the concentrations of the components in gas phase at the time of ignition:
1 - section in the crack; 2 - section outside the crack
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et al., 2020; Silva net al., 2020; Yankovich and Yankovich, 2020; Zharikova, 2020). The source data for
such a system should be cloud-to-cloud-to-ground lightning networks (Cummins et al., 1998). They allow
you to record the necessary discharge parameters. Another possible solution is to use a software pseudo-

Figure 4. The time dependence of the volume fractions of phases in the subcortical zone of the trunk:
1 - organic matter, 2 - gas phase
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random number generator in information-computing systems for monitoring and predicting forest fires
to set the discharge parameters in a certain range of values. Thermophysical characteristics of any type
of wood can be determined by fairly simple methods (Zabolotny et al., 1995) for each moisture level.

1)

2)

3)

4)

5)

6)

7)

8)

The main results correspond to those obtained by simplified statements:

In the zone of reactive wood, a low temperature field is formed. In addition, the supply of pyrolysis
products from this zone is carried out in smaller quantities. Thus, the presence of reactive wood
should reduce the probability of a forest fire.

Wood heating occurs in a narrow subcrustal zone. This explains less damage to pines compared to
deciduous trees, which sometimes tears from the inside.

Ignition of coniferous wood occurs in the gas phase in the area of the crack. It is here that the
conditions for ignition are created. The temperature reaches a certain value at which, at certain
concentrations, the components begin to react.

The presence of a crustal barrier in a crack even 1.5 mm thick reduces the temperature in the gas
phase and ignition may not occur.

Any noticeable decomposition of wood and the transition of combustible components to the gas
phase occurs at exposure times of the considered cloud-to-ground lightning discharge more than
0.3 s. That is, a short-term discharge with the indicated volt-ampere characteristics will not lead to
ignition of the tree trunk, for at least two reasons. First, the insufficient concentration of combustible
components in the gas mixture. Secondly, insufficient heating of the gas mixture itself.
Differences in crack thickness in real conditions do not significantly affect the ignition delay of
coniferous trees.

The values of the ignition delay are slightly longer than as a result of the implementation of a
two-dimensional formulation in the approximation of an “ideal” crack. This is explained by the
closeness of the crack to the branch (this is the option considered in the calculations). The values
of the ignition delay time depending on the current-voltage characteristics are presented in table.
1 and 2.

The presence of M-components of a cloud-to-ground lightning discharge practically does not affect
the process of heating wood and ignition of coniferous trees.

Table 1. The tree ignition delay depending on the discharge voltage at the current J=23.5 kA

Voltage, U, kV Ignition delay, s
1-85 No
90 0.516
95 0.486
100 0.463
105 0.441
110 0.423
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Table 2. The tree trunk ignition delay depending on the current at a voltage of U=100 kV

Current, J, kA Ignition delay, s
1-20 No
23.5 0.463
30 0.366
35 0.317
CONCLUSION

A generalized formulation of the problem for the ignition of a coniferous tree by a cloud-to-ground
lightning discharge is presented. As a result of computational experiments, it was found that an increase
in the dimension of the problem does not allow revealing new physical effects in comparison with a
series of two-dimensional and one-dimensional formulations. However, this statement summarizes the
statements developed earlier and allows us to consider the whole range of fire danger factors in the ag-
gregate. The results obtained allow us to talk about the prospects of developing a module for predicting
fires from thunderstorms for a system for monitoring forest fire situations. The development of such
systems will reduce the negative consequences of forest fires (Baranovskiy and Kuznetsov, 2017). In
practice, one should focus on the use of multiprocessor computing systems and the parallelization of
computing operations. It is known that the time to obtain a forecast should be less than the catastrophe
induction period (Grishin, 2002). Therefore, the use of parallel computing systems will make it possible
to obtain predictive information in a mode that is ahead of the real time of the development of the disas-
ter. Personal computers of this generation are not suitable for fire monitoring using three-dimensional
setting in large forested areas.
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KEY TERMS AND DEFINITIONS

Cloud-to-Ground Lightning Discharge: An electrical discharge during a thunderstorm that occurs
between a cloud and the earth’s surface. It is a natural source of forest fires.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: cloud-to-ground forest fuel (needles, leaves and dry grass,
small branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Lightning Activity: An atmospheric phenomenon characterized by discharges of the cloud-to-cloud
and cloud-to-cloud-to-ground class.

Mathematical Simulation: The production of a computer model of forest fire conditions and pre-
requisites, especially for the purpose of study.

Meteorological Parameters: Physical characteristics of local weather conditions in the forested area
under consideration. Key parameters include ambient temperature, soil temperature, precipitation, wind
speed, solar radiation, cloud cover, dew point temperature. These parameters are used for mathematical
modeling of the drying of a layer of forest fuel.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 4

M-Components Mathematical
Modeling for Coniferous
Tree Ignition

ABSTRACT

Based on the one-dimensional three-layer physical and mathematical model of ignition of a coniferous
tree (pine), the influence of the m-components of the cloud-to-ground lightning discharge and the appro-
priateness of their consideration in technical systems for monitoring the forest fire danger are evaluated.
The problem is solved in a cylindrical coordinate system. Typical cloud-to-ground lightning discharges
are considered. An assessment of the influence of m-components was carried out for a typical range of
changes in their characteristics.

INTRODUCTION

Existing direction-finding systems for lightning discharges covering North America (Orville et al.,
2010) and Europe (Diendorfer, 2007) are capable to detect cloud-to-ground lightning discharge with
an efficiency of about 90% and an accuracy of 1 kilometer (Pineda et al., 2014). That is, these systems
provide forest fire managers with important information about potential fires in the forest. It should be
noted that only a small number of lightning discharges (one in 1000 or one in 10000) will ultimately lead
to an active forest fire (Nash and Johnson, 1996; Wierzchowski et al., 2002; Larjavaara et al., 2005a).
Accordingly, it is important to understand which components of a cloud-to-ground lightning discharge
play a role in the ignition of forest fuel. Of great importance for the protection of forests from fires will
be the ability to compare the probability of a forest fire to each cloud-to-ground lightning discharge
(Pineda et al., 2014). Various assumptions have been put forward about the characteristics of a cloud-
to-ground lightning discharge that lead to a forest fire. There are mainly three factors, namely polarity,
multi-impact, and long continuing current (LCC) (Hall and Brown, 2006).

M-components are observed as an increase in the brightness of the channel during continuing cur-
rent. M-components may have a peak in the range of kiloamperes (Campos et al., 2007). It is necessary
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to study the influence of M-components on the ignition process of a coniferous tree trunk in order to
assess the feasibility of supplementing existing technical systems and empirical (Kurbatskiy and Kosty-
rina, 1977; Larjavaara et al., 2005b) and deterministic-probabilistic (Baranovskiy, 2004; 2007) methods
of forest fire danger prediction with subsystems for accounting for the presence of M-components in a
lightning discharge. As a physical and mathematical model of coniferous tree ignition by cloud-to-ground
lightning discharge, a one-dimensional three-layer model was used (Kuznetsov and Baranovskiy, 2008).

The purpose of the study is to assess the influence of M-components on the process of coniferous
tree ignition by cloud-to-ground lightning discharge, as well as to determine the ignition conditions
depending on the discharge parameters.

PHYSICAL AND MATHEMATICAL STATEMENT

Due to the subcortical layer of coniferous tree is more saturated with moisture (Esau, 1980) than the
resinous core, the electric current of lightning discharge in the trunk of such a tree passes mainly through
the outer layers, without penetrating inside. The following physical model is used. At a certain point
in time, a lightning discharge of a given polarity and duration strikes the coniferous tree trunk. It were
assumed that current-voltage characteristics of the discharge are the same for different sections of the
tree trunk. The discharge current has M components.

Fig. 1 shows a typical discharge with M-components. The time is plotted on the abscissa, and the
channel brightness in arbitrary units on the ordinate. The trunk wood is heated due to the Joule heat
generated in the subcortical zone of the tree trunk. As a result of the flow of electric current, the wood
is heated and when critical heat fluxes from the subcortical zone of the trunk to the ignition surface and
its temperature, the wood ignites. The solution domain is shown in Fig. 2, where the numbers indicate
the zones: 1 - the core of the tree trunk; 2 — the subcortical zone; 3 — the tree bark.

The mathematical model (Kuznetsov and Baranovskiy, 2008) describes heat transfer using non-
stationary heat conduction equations:

oT, N\ | 0T, 0
c =—|r—-1[,
A ot r{ Or
or, A\ 0
¢, —r=-2—|\r—2|+JU, 2
Pl ot r or [ r @
oT, A oT.
piC, —> === 9 r—=|. (3)
ot r or| Or
At the initial moment of time, the temperature field is determined by the following conditions:
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Figure 1. Discharge with M-components (Campos et al., 2007)
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The boundary conditions for equations (1) - (3):

oT
=0 L=0, 5
=0 )
oT 0T,
r=R,\ 87’1 =X 87’2 =T, (6)
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Figure 2. Scheme of the solution area
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where T,, p,, A,, ¢, are the temperature, density, thermal conductivity and heat capacity of the correspond-
ing subareas (i=1,2,3), J is the current, U is the voltage, «_is the heat transfer coefficient, r is the spatial
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coordinate, t is time, R_is the external radius of the trunk, R, is the interface between the cortex and the
subcortical zone, R, is the interface between the core of the trunk and the subcortical zone.

In the computational experiments, the initial data were used (pine wood, core) (Zabolotny et al.,
1995): p=500 kg/m*; ¢=1670 J/(kg'K); A=0.12 W/(m'K). Subcortical layer parameters: p=500 kg/m?
¢=2600 J/(kg'K); A=0.35 W/(m"K). Thermophysical characteristics of the bark: p=500 kg/m?; c=1670
JI(kg'K); A=0.12 W/(m'K). The geometric characteristics of the solution area: R =0.25 m; R =0.245
m; R,=0.235 m; Environmental parameters: T,=300 K, o =80 W/(m?*K).

RESULTS AND DISCUSSION

The mathematical model (1) - (3) with boundary and initial conditions (4) - (8) is implemented by the
finite-difference method (Samarskiy, 1983). To solve the difference analogues of one-dimensional equa-
tions, the marching method was used (Samarskiy, 1983). As a result of an experimental study (Zabolotny
et al., 1995), the criteria for ignition are determined by temperature and heat flux to the surface of the
ignition. A scenario is considered when a negative polarity discharge strikes a pine trunk for a duration
of 500 ms with an average peak current of 23.5 kA and a voltage of 100 kV (Cummins et al., 1998).
The current has 5 M components.

Figure 3 shows the time dependence of the current of a cloud-to-ground lightning discharge and M-
components. In Fig. 3.a, curves 1 and 2 correspond to discharges with a duration of 500 and 300 ms,
respectively. Fig. 3b shows the dependence of the current and the M component for a discharge with a
large value of the average current (J = 35 kA).

Figures 4.a and 4.c show the dependences of the temperature of the ignition surface at different instants
of time for discharges of 500 and 300 ms duration, respectively. Figures 4.b, 4.d show the time dependence
of the heat flux to the ignition surface for discharges of 500 and 300 ms duration, respectively. Curves 1
and 2 correspond to discharges with and without M-components. Fig. 5.a illustrates the dependence of
the temperature of the ignition surface, and Fig. 5.b, the dependence of the heat flux to this surface at
various times for a discharge with a large average current. Ignition conditions were evaluated according
to the following criteria (Table 1):

An analysis of the results (Fig. 4) shows that the ignition conditions are satisfied for a typical cloud-
to-ground discharge (with a duration of about 500 ms). A short-term discharge (with a duration of less
than 500 ms) with average volt-ampere characteristics does not ignite the coniferous trunk. That is, a clear
dependence is established on the time of exposure of the tree trunk by the current of a cloud-to-ground
lightning discharge and the process of its ignition as a result of the Joule heat release.

An analysis of the influence of the M-components of a cloud-to-ground lightning discharge revealed
a weak dependence of the ignition process on their presence. The M-components of typical cloud-to-
ground lightning discharges show only a slight effect on the ignition process of conifers (Fig. 4). The
influence of the M-components of a cloud-to-ground lightning discharge with a high average current
strength is even less noticeable (Fig. 5). Curves 1 and 2 in Fig. 5 lie almost one in one.
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Figure 3. Current and M-components adopted in computational experiments
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Table 1. Experimental data for ignition of pine wood (Zabolotny et al., 1995)

Ignition delay, s Heat flux, kW/m?> Surface temperature, K

63.5 12.5 658

45.0 21 700

11.1 42 726

2.6 84 773

0.4 210 867
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CONCLUSION

The effect of the M-components was assessed on the ignition process of coniferous trees by cloud-to-
ground lightning discharge. The ignition conditions that are characteristic of a typical range of lightning
discharge parameters are revealed. Lightning discharge about 500 ms leads to ignition of the coniferous
trunk, regardless of the presence or absence of M-components. Dependence on the presence of M-
components is weak and decreases with an increase in the average current of a cloud-to-ground lightning

Figure 4. The temperature of the ignition surface and the heat flux to it at different points in time (long-
term and short-term cloud-to-ground lightning discharges)
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Figure 5. The temperature of the ignition surface and the heat flux to it at different points in time (high-
current cloud-to-ground lightning discharge)
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discharge. An explicit dependence is also established on the time of exposure of the tree trunk by the
cloud-to-ground lightning discharge. A short-term (less than 300 ms) discharge with typical current-
voltage characteristics cannot lead to ignition of conifer. Developing software for the prediction of for-
est fires, it is not necessary to take into account the M-components. This fact allows us to operate with
simpler physical and mathematical models. In addition, the database of such a system may not contain
information on the M-components of a cloud-to-ground lightning discharge. On the other hand, in the

57

printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

M-Components Mathematical Modeling for Coniferous Tree Ignition

present work, coniferous wood ignition by a cloud-to-ground lightning discharge was simulated in a
more complete physical formulation than in (Kuznetsov and Baranovskiy, 2008). The results obtained
are of independent importance for the development of the theory of forest fires prediction (Baranovskiy,
2020; Karanina et al., 2020; Belikova and Glebova, 2020; Yankovich and Yankovich, 2020; Eskandari et
al., 2020; Papagiannaki et al., 2020; Dupuy et al., 2020; Glagolev et al., 2020; Silva et al., 2020; Chen
et al., 2020). In the present work, the location and duration of the M-components of the discharge were
determined randomly from the range of their variation determined statistically (Campos et al., 2007).
This is programmatically implemented using a random number generator. It is known that continuing
current has various waveforms (Campos et al., 2007) depending on the location and duration of the
M-components. In subsequent works, while conducting basic research, this issue can be worked out in
more detail.
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KEY TERMS AND DEFINITIONS

Cloud-to-Ground Lightning Discharge: An electrical discharge during a thunderstorm that occurs
between a cloud and the earth’s surface. It is a natural source of forest fires.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: ground forest fuel (needles, leaves and dry grass, small
branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Lightning Activity: An atmospheric phenomenon characterized by discharges of the cloud-to-cloud
and cloud-to-ground class.

M-Components: are observed as an increase in the brightness of the channel during continuing
current. M-components may have a peak in the range of kiloamperes.

Mathematical Simulation: The production of a computer model of forest fire conditions and pre-
requisites, especially for the purpose of study.

Meteorological Parameters: Physical characteristics of local weather conditions in the forested area
under consideration. Key parameters include ambient temperature, soil temperature, precipitation, wind
speed, solar radiation, cloud cover, dew point temperature. These parameters are used for mathematical
modeling of the drying of a layer of forest fuel.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 5

One-Dimensional Mathematical
Models to Simulate
Deciduous Tree Ignition

ABSTRACT

The results of numerical simulation of heating a coniferous tree (pine) by cloud-to-ground lightning
discharge are presented. The problem is solved in a one-dimensional formulation in a cylindrical co-
ordinate system. A four-layer structure of the coniferous trunk is considered taking into account the
core, subcortical layer, bark and surface water layer. A parametric study of the effect of current-voltage
characteristics typical of negative and positive cloud-to-ground lightning discharges on the process of
heating the trunk wood has been carried out. The conditions for the ignition of a tree trunk in a typical
range of variation of the parameters of the impact of the discharge are established.

INTRODUCTION

At present, the problem of predicting forest fire danger is highly relevant (Baranovskiy, 2020). The
causes of forest fires are both anthropogenic and natural (Grishin, 2002). Of great importance is the
occurrence of fires in forests from thunderstorms as a result of the action of a cloud-to-ground lightning
discharge (Latham and Williams, 2001). The deterministic-probabilistic method of predicting forest fire
danger (Baranovskiy, 2007; 2017) includes a subsystem for assessing the probability of forest fires from
thunderstorms. However, until now the physical mechanism of wood ignition as a result of the action
of a cloud-to-ground lightning discharge has not been taken into account. Cloud-to-cloud-to-ground
lightning discharges can be differentiated by such parameters as their polarity, peak current and voltage,
and duration (Burke and Jones, 1996). When developing a methodology for predicting forest fires, the
mathematical formulation of the ignition of a tree by a cloud-to-ground lightning discharge should be
used. It is difficult to experimentally conduct such a study due to the fact that such processes are char-
acterized by high energetics. Analysis of the literature shows that the results of mathematical modeling
of the ignition of a tree trunk by a cloud-to-ground lightning discharge have not yet been published.
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Figure 1. Solution area diagram
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The nature of the consequences of such a high-energy external influence has not yet been established.
The aim of the research is mathematical modeling of the deciduous tree ignition by a cloud-to-ground
lightning discharge.

MATHEMATICAL STATEMENT

The flow of electric current in the trunk of deciduous and coniferous trees is different. This is due
to the fact that in deciduous trees, moisture is transported through vessels in the massive central part
(Esau, 1980). The wetter central part is in this case a conductor of electric current. The study of the tree
ignition by a lightning discharge was carried out using the following physical model. A free-standing
deciduous tree grows on the land surface. In order to concretize the parameters of the model, birch is
considered as an object of research. A cloud-to-ground lightning discharge strikes the trunk of this tree.
The discharge electric current flows along the inner part of the birch trunk and in the surface layer of
water. It is assumed that the electric current has the same parameters in different sections of the trunk.
The Joule heat causes the wood in the trunk to heat up. When critical values of heat fluxes to the igni-
tion surface and its temperature are reached, the wood ignites. Moisture transfer processes are not taken
into account in this model.

Geometry of the problem. A cylinder is considered that models a tree trunk. A certain section of the
trunk is considered. The solution area diagram is shown in Fig. 1, where 1 is the core, 2 is the bark of
the tree trunk, 3 is the surface layer of water; R  is the boundary of the surface layer of water, R is the
outer radius of the trunk, R, is the boundary between the inner region and the bark of the tree trunk.
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Mathematically, the heating of tree by a cloud-to-ground lightning discharge before ignition is de-
scribed by a system of non-stationary differential equations of heat conduction:
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Boundary conditions for equations (1) - (3):
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Initial conditions for equations (1) - (3):

=0, T(r)=T,(r),i=123 (®)

where T, p,, ¢, A, are the temperature, density, heat capacity and thermal conductivity of wood in the
inner part of the trunk (i = 1), bark (i = 2) and near-surface water layer (i = 3); « is the heat transfer
coefficient; J is the current of the cloud-to-ground lightning discharge; U - voltage of cloud-to-ground
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lightning discharge; r - coordinate; t is time. Indexes “e” and “0” correspond to the parameters of the
external environment and the parameters of wood at the initial moment of time.

Initial data (birch wood): p=650 kg/m?; ¢=2600 J/(kgeK); A=0.35 W/(meK). Thermophysical charac-
teristics of the bark (Zabolotny et al., 1995): p=650 kg/m?; c=1670J/(kgeK); A=0.29 W/(meK). Thermo-
physical characteristics of the water: p=1000 kg/m?; c=4125 J/(kgeK); A=0.569 W/(meK). Geometrical
characteristics of the solution area: R =0.255 m; R =0.25 m; R =0.235 m. Environmental parameters:
T =300 K, a=80 W/(m?K).

RESULTS AND DISCUSSION

The mathematical model with the corresponding boundary and initial conditions is solved by the finite
difference method. To solve difference analogs of one-dimensional equations, the marching method was
used (Samarskiy, 1983).

The parameters of cloud-to-ground lightning discharges, for example, the current, vary over a fairly
wide range. Average peak current (Soriano et al., 2005): J = 23.5 kA for negative discharge and J = 35.3
kA for positive discharge. Approximately 16.5% of discharges of positive polarity have a current of less
than 10 kA (Cummins et al., 1998). In order to determine the ignition conditions, a parametric study of
the influence of the current-voltage characteristics of the discharge on the process of heating a tree as a
result of the release of Joule heat was carried out.

It should be noted that the results of experiments to determine the kinetic mechanism (and its param-
eters) of the ignition of large wood blocks (including a high-energy electric discharge) are still unknown.
The difficulty of implementing an experimental study of this process is obvious. However, there is an
approach (Zabolotny et al., 1995), within which the conditions of ignition of deciduous wood (birch)
are described by two parameters (heat flow and temperature of the ignition surface).

In fact, work (Zabolotny et al., 1995) simulates the process of gas-phase ignition of a condensed
substance with high heat fluxes at relatively short times of exposure to a heating source under condi-
tions of an excess of oxidizer. In this work, the experimental data (Zabolotny et al., 1995) on the critical
temperature and heat flux to the bark surface are used as criteria for the implementation of ignition
conditions. The chemical aspects of the ignition process are excluded from consideration in this article.

Birch is exposed to a negative lightning discharge of 500 ms duration, which is characterized by a
peak current of 23.5 kA and a voltage of 100 kV. The distribution of temperature along the radius of the
trunk of a deciduous tree without taking into account the surface layer of water at different points in time
during the action of a lightning discharge is shown in Fig. 2: 1) t =0.01s;2)-0.1;3)-0.35s;4)-0.5
s. The distribution of temperature along the radius of the trunk of a deciduous tree, taking into account
the surface layer of water at different points in time during the action of a lightning discharge, is shown
in Fig. 3: 1) t =0.01 s; 2) - 0.1 s; 3) - 0.3 5; 4) - 0.5 s. Fig. 4 shows the dependence of the temperature
of the ignition surface and the density of the heat flux to this surface on time.

In Figure 4, numbers indicate: 1 - temperature in the trunk at the border of the bark and core; 2 - tem-
perature on the surface of the bark during heat release in the surface layer of water; 3 - heat flux to the
ignition surface from the trunk core; 4 - heat flux to the ignition surface from the surface layer of water.
The ignition conditions were determined from the experimental data (Zabolotny et al., 1995) (Table 1).

As aresult of the action of the considered cloud-to-ground lightning discharge, the tree trunk is heated
to the temperature (Fig. 2,3) of combustion of natural combustible materials (about 1000 K). Analysis
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Figure 2. Temperature distribution along the radius of the tree trunk at different points in time
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Figure 3. Distribution of temperature along the radius of the tree trunk at different times, taking into
account the surface layer of water
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of the results allows us to conclude about the ignition of the tree trunk. This conclusion is consistent
with the data of observations of thunderstorms (Plummer, 1912), where it is indicated that a lightly
combustible or dry tree catches fire.

Table 2 shows the results of computational experiments to determine the ignition conditions depend-

ing on the voltage of a cloud-to-ground lightning discharge at a current of J=23.5 kA, and in table 3,
depending on the current at a discharge voltage of U=100 kV.
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Figure 4. Temperature of the ignition surface and heat flux to the ignition surface at different times
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Analysis of the dependences of the magnitude of the heat flux to the ignition surface and the tem-
perature of the interface between the inner region of the trunk and the bark (Fig. 4) shows that in terms
of temperature and heat flux, the ignition conditions for the considered discharge are achieved for fairly
typical parameters of a lightning discharge. It should be noted that the surface of the bark, when an
electric current flows in the surface layer of water, can also theoretically ignite, but with a delay of about
10 seconds relative to the core. On the temperature dependence, two areas of increased temperature can

Table 1. Experimental data (Zabolotny et al., 1995)

Ignition delay, s Heat flux, kW/m? Surface temperature, K
136 15 -
61.2 21 645
17.2 42 638
1.8 125 755
0.43 210 801

Table 2 Conditions for ignition of a tree trunk from voltage at current J=23.5 kA

Voltage, U, kV Ignition conditions (Zabolotny et al, 1995) | Svriace ‘el‘z‘pera‘“re’ Heat flux. kW/m?
1-85 No <801 <210
90 Yes 801 26
95 Yes 801 230
100 Yes 801 232
105 Yes 801 235
110 Yes 801 238
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Table 3 Conditions for the ignition of a tree trunk from the current at a voltage of U=100 kV

Current, J, kKA Ignition conditions (Zabolotny et al., 1995) R tell(n perature, Heat flux, kW/m?
1-20 No <801 <210
23.5 Yes 801 232
30 Yes 801 245
35 Yes 801 253

be distinguished. The first area is the core of the trunk. The second area is the surface layer of water on
the trunk. As a result of a parametric study of the effect of voltage (Table 2) and current (Table 3) of the
discharge, the conditions for the ignition of a tree trunk during the action of a cloud-to-ground lightning
discharge were established.

Characterizing in general the results of numerical modeling of the process of heating a tree trunk
by a cloud-to-ground lightning discharge, one can confidently assert that the results of this study are in
agreement with the ignition conditions (Zabolotny et al., 1995).

CONCLUSION

As a result of the numerical solution of the problem of heating a tree as a result of an electric current
flowing through it, the possibility of ignition of a deciduous tree by a cloud-to-ground lightning dis-
charge is shown. The selected conditions are typical for the typical range of changes in the parameters
of external influence on deciduous trees during periods of thunderstorm activity.

The results obtained are not only of theoretical importance, which consists in the development and
verification of a simplified mechanism for the ignition of a deciduous tree by a cloud-to-ground light-
ning discharge. In addition, these results complement the theoretical basis for the further development
of models for the ignition of hazardous materials.

A practical application of a real physical and mathematical model of wood ignition is possible. The
existing methods of predicting and assessing forest fire danger (Perminov, 2020; Zharikova, 2020; Bad-
maev et al., 2020; Glagolev and Zubareva, 2020; Adab et al., 2013; Al Janabi et al., 2017; Bui et al.,
2017; CWFIS, 2020; Cardille et al., 2001; Chen et al., 2017; Curt et al., 2016; Ganteaume and Guerra,
2018; Chen et al., 2020; Glagolev et al., 2020; Papagiannaki et al., 2020) can be easily improved by
including in their structure a subsystem for assessing the conditions of tree ignition by a cloud-to-ground
lightning discharge.
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KEY TERMS AND DEFINITIONS

Cloud-to-Ground Lightning Discharge: An electrical discharge during a thunderstorm that occurs
between a cloud and the earth’s surface. It is a natural source of forest fires.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: cloud-to-ground forest fuel (needles, leaves and dry grass,
small branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Lightning Activity: An atmospheric phenomenon characterized by discharges of the cloud-to-cloud
and cloud-to-cloud-to-ground class.

Mathematical Simulation: The production of a computer model of forest fire conditions and pre-
requisites, especially for the purpose of study.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 6

Two-Dimensional Mathematical
Models to Simulate
Deciduous Tree Ignition

ABSTRACT

A physical and mathematical formulation of the problem to simulate ignition of a deciduous tree in the
approximation of large vessels is presented. The problem is considered in a flat formulation in polar
coordinates. A parametric analysis of the current-voltage characteristics of cloud-to-ground lightning
discharges on the process of heating the wood of a deciduous tree trunk is carried out. The conditions
for the ignition of a tree trunk in the typical range of the parameters for discharge effect are established.
Variants without and taking into account the surface layer of water are considered.

INTRODUCTION

Cloud-to-ground lightning discharge (Uman, 1969) is one of the causes of forest fires (Latham and
Williams, 2001), especially in sparsely populated areas (Karanina et al., 2020) and mountainous terrain
(Conedera et al., 2006). An electric current in a tree trunk flows through areas saturated with moisture
(Esau, 1980). There are two main types of distribution in angiosperm wood. If the vessels have basically
the same diameter and are evenly distributed in the annual ring, the wood is called diffuse vascular (Esau,
1980). Wood with vessels of unequal diameter, the largest of which are concentrated in early wood, is
called annular vascular (Esau, 1980). Between these two extreme types there are also various interme-
diate ones. Within these large distribution types, individual vessels may be isolated from each other or
occur in clusters of different sizes and shapes. Vessels located in groups are flattened along the line of
their contact with each other (Esau, 1980). Studies of conductivity in different species using radioactive
phosphorus and dyes show that in some species the vessels are connected only within the growth layer,
while in others, there is a connection between individual growth layers (Braun, 1963).

The aim of the study is to develop a physical and mathematical model of ignition of a deciduous tree
in the approximation of large vessels and to analyze the conditions of ignition.

DOI: 10.4018/978-1-7998-7250-4.ch006
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MATHEMATICAL STATEMENT

A freestanding deciduous tree (referred to as angiosperms) is considered. At a fixed point in time, a
cloud-to-ground lightning discharge strikes the tree trunk. An electrical current from a cloud-to-ground
lightning discharge flows inside and along the surface of the tree trunk. It is assumed that the current
parameters are the same in different sections of the trunk. It is assumed that 1) the vessels are located
in groups, that is, they can be combined into large bundles (vessels); 2) the vessels are flattened along
the line of contact; 3) vessels are connected between separate growth rings. The combination of the
above assumptions is the basis for the approximation of large vessels. As a result of the release of Joule
heat, the wood is heated. When critical values of heat fluxes from large vessels of the core or from the
surface layer of water to the ignition surface and its temperature are reached, the deciduous tree ignites.
The problem is solved in polar coordinates in a flat setting. A tree trunk cut along the z-axis is modeled.

The solution area diagram is shown in Fig. 1.a, 1.c, where 1 - core, 2 - bark, 3 - large vessels, 4 -
surface layer of water; R is the boundary of the surface water layer, R is the outer radius of the trunk,
R, is the boundary between the core and the bark. I'i, I'j, I'j.k - boundaries of the regions, which are
shown in Fig. 1.b, 1.d.

Figure 1. Geometry of the solution region (a, c) and boundaries (b, d)
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Mathematically, the process of heating a tree by a cloud-to-ground lightning discharge until the mo-
ment of ignition is described by a system of non-stationary differential equations of thermal conductivity:
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=0, T(r,¢) = T, (r,¢), i=1234 (12)

where T, p,, ¢, A, are the temperature, density, heat capacity and thermal conductivity, respectively, of
the core (i=1), bark (i=2), large vessels (i=3) of the trunk and surface layer of water (i=4); o is the heat
transfer coefficient; J - current strength; U is the voltage; r, ¢ - polar coordinates, t - time. Indexes “e”
and “0” correspond to the parameters of the external environment and the parameters of wood at the
initial moment of time.

A numerical study was carried out using the following initial data (large vessels): p=650 kg/m?;
¢=2600 J/(kgeK); A=0.35 W/(meK). Thermophysical characteristics of the core (Zabolotny et al., 1995):
p=650 kg/m?*; c=1670 J/(kgeK); A=0.29 W/(meK). Thermophysical characteristics of the bark: p=650
kg/m?; ¢c=1670 J/(kgeK); A=0.12 W/(meK). Thermophysical characteristics of water: p=1000 kg/m?;

c=4125 J/(kgeK); A=0.569 W/(meK). External exposure parameters: a=80 W/(m?+K).

RESULTS AND DISCUSSION

The formulated mathematical model with the corresponding boundary and initial conditions was solved
by a locally one-dimensional finite-difference method (Samarskiy and Vabishchevich, 2001). To solve
difference analogs of differential equations, the marching method was used (Samarskiy, 1983).

Quite extensive information is known on the parameters of cloud-to-ground lightning discharges.
Average peak current (Soriano et al., 2005): J=23.5 kA for negative discharge and J=35.3 kA for positive
discharge. About 16.5% of positive discharges have a current of less than 10 kA (Cummins et al., 1998).

It is necessary to conduct a parametric study of the influence of the main discharge characteristics on
the ignition of a deciduous tree by a cloud-to-ground lightning discharge. Conditions (Zabolotny et al.,
1995) for temperature and heat flux were used as ignition criteria. The criteria for assessing the onset
of ignition were the following conditions (Zabolotny et al., 1995) (Table 1).

Table 1. Experimental data (Zabolotny et al., 1995)

Ignition delay, s Heat flux, kW/m? Surface temperature, K
136 15
61.2 21 645
17.2 42 6388
1.8 125 755
0.43 210 801

Birch is exposed to a negative lightning discharge of 500 ms duration with a peak current of 23.5
kA and a voltage of 100 kV. Fig. 2 shows the temperature distribution in the horizontal section of the
tree trunk at various times before and at the moment of ignition of the tree trunk by the current of a
cloud-to-ground lightning discharge (the initial temperature of the tree is 300 K: a) -t =0.01s; b) - 0.1
s;¢)-0.3s;d)-0.5s.
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Figure 2. Temperature field on a horizontal cut of a tree at different times: a) 0.01 s; b) 0.1 s; c) 0.3 s;
d)05s
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Fig. 3 shows the temperature distribution in the horizontal section of the tree trunk at different times
before and at the moment of ignition of the tree trunk by a cloud-to-ground lightning discharge current,
taking into account the surface layer of water (the initial temperature of the tree is 300 K: a) - t = 0.01
s;b)-0.1s;¢)-0.3s;d)-0.5s.

Figure 3. Temperature field on a horizontal cut of a tree at different times, taking into account the surface
layer of water: a) 0.01 s; b) 0.1 s; c) 0.3 s;d) 0.5 s
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Fig. 4 shows the dependence of the heat flux to the ignition surface and its temperature on time. In
Figure 4, numbers indicate: 1 - temperature in the trunk at the border of the bark and core; 2 - temperature
on the surface of the bark during heat release in the surface layer of water; 3 - heat flux to the ignition
surface from the core; 4 - heat flux to the ignition surface from the surface layer of water.

Figure 4. Dependence of the temperature of the ignition surface and the dependence of the heat flux to
the ignition surface on time
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Analysis of the results presented in Fig. 2 shows that as a result of the action of the considered cloud-
to-ground lightning discharge, the tree trunk heats up to the ignition temperature of the forest fuel (about
1000 K). The results suggest that the tree trunk ignites and burns. This conclusion is confirmed by the
data of observations of thunderstorms (Plummer, 1912), where it is indicated that the tree ignites.

It should be noted that the internal vessels, when an electric current is passed, also release Joule heat,
sufficient to ignite birch wood. However, the lack of an oxidizing agent in this zone can lead to the fact
that ignition under real conditions will not occur at the boundaries of the inner vessels. This is one of
the subjects of further research.

Analysis of the results in Fig. 3 shows that in the near-surface layer, the bark also warms up enough
for the tree to ignite. In the zone of the surface layer of water, the temperature is approximately two
times lower than in the zone of a large vessel. Figure 3 shows a ring of elevated temperature along the
surface of a deciduous tree trunk. Also in Figures 2 and 3, zones of increased temperature are visible
in the core of the tree trunk, where large vessels pass. It should be noted that ignition is most likely to
occur in a large subsurface vessel. Internal large vessels also have an elevated temperature, but there is
no access to an oxidizing agent. It is important to understand that this statement does not consider the
stress-strain state of the tree trunk.

Analysis of the results, which are illustrated in Fig. 4 shows that according to the temperature crite-
rion and the calculated value of the heat flux, the ignition conditions are achieved for a typical cloud-
to-ground lightning discharge.
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A parametric study of the influence of voltage and current strength of a cloud-to-ground lightning
discharge showed theoretically established limits for the ignition of a deciduous tree trunk during the
action of an electric discharge. It was found that when the current is less than 23.5 kA and the voltage
is less than 90 kV, no ignition of the tree occurs during the period of the cloud-to-ground lightning
discharge (duration is 500 ms).

Table 2 shows the results of computational experiments to determine the ignition conditions depend-
ing on the voltage of a cloud-to-ground lightning discharge at a current of J=23.5 kA, and in table 3,
depending on the current at a discharge voltage of U=100 kV.

Table 2. Conditions for ignition of a tree trunk from voltage at current J=23.5 kA

Voltage, U, kV Ignition conditions (Zabolotny et al., 1995) RERtics telr(n perature, Heat flux. kW/m?
1-85 No <801 <210
90 Yes 801 226
95 Yes 801 230
100 Yes 801 232
105 Yes 801 235
110 Yes 801 238

Note that the approach of large vessels explains the cases when burn grooves appear on the tree
after the impact of a cloud-to-ground lightning discharge. Heating and burns occur only in the area of
a large surface vessel through which an electric current passes. The inter-vessel part of the wood is not
heated to critical temperatures. It should be noted that as a result of the impact of a cloud-to-ground
lightning discharge, heated particles (Baranovskiy et al., 2017) may form, which, falling on the layer of
forest combustible material, will lead to its ignition. As a consequence, a grassland forest fire can occur
(Goman, 2020).

Table 3. Conditions for the ignition of a tree trunk from the current at a voltage of U=100 kV

Current, J, kKA Ignition conditions (Zabolotny et al., 1995) SIS tel? perature, Heat flux, kW/m?
1-20 No <801 <210
235 Yes 801 232
30 Yes 801 245
35 Yes 801 253
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CONCLUSION

A physical and mathematical model to simulate the heating a deciduous tree as a result of the electric
current of a lightning strike flows through it. The approximation of large vessels is used. As a result of
varying the current-voltage characteristics, the conditions for the realization of the phenomenon under
consideration, which are characteristic of the typical range of parameters for a cloud-to-ground lightning
discharge, are identified. The possibility of ignition of a deciduous tree in conditions of a thunderstorm
passing by a cloud-to-cloud-to-ground discharge is shown. The presented physical and mathematical
model can become an additional module in forest fire danger assessment and prediction systems (Ba-
ranovskiy, 2020; Belikova and Glebova, 2020; Grishin, 2002; Glagolev and Zubareva, 2020; Adab et al.,
2013; Al Janabi et al., 2017; Bui et al., 2017; CWFIS, 2020; Cardille et al., 2001; Chen et al., 2017; Curt
et al., 2016; Ganteaume and Guerra, 2018; Chen et al., 2020; Glagolev et al., 2020; Papagiannaki et al.,
2020). In addition, the results obtained have independent theoretical and fundamental significance for the
theory of forest fires. They allow us to understand the physical nature of the phenomenon under study.
Moreover, the developed mathematical models can be used in conjunction with atmospheric electric-
ity models (Nagorskiy et al., 2020) and GIS systems based on remote sensing data (M D. et al., 2020).
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KEY TERMS AND DEFINITIONS

Cloud-to-Ground Lightning Discharge: An electrical discharge during a thunderstorm that occurs
between a cloud and the earth’s surface. It is a natural source of forest fires.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: cloud-to-ground forest fuel (needles, leaves and dry grass,
small branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Lightning Activity: An atmospheric phenomenon characterized by discharges of the cloud-to-cloud
and cloud-to-cloud-to-ground class.

Mathematical Simulation: The production of a computer model of forest fire conditions and pre-
requisites, especially for the purpose of study.

Meteorological Parameters: Physical characteristics of local weather conditions in the forested area
under consideration. Key parameters include ambient temperature, soil temperature, precipitation, wind
speed, solar radiation, cloud cover, dew point temperature. These parameters are used for mathematical
modeling of the drying of a layer of forest fuel.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 7

Three-Dimensional
Mathematical Models
to Simulate Deciduous
Tree Ignition

ABSTRACT

The results of the numerical implementation for the spatial formulation of the problem of the deciduous
tree ignition by an electric current of a cloud-to-ground lightning discharge are presented. The problem
was solved in a three-dimensional formulation in a cylindrical coordinate system. A symmetric formu-
lation of the problem is considered. The localization of reactive wood, structural heterogeneity of the
bark, volt-ampere characteristics of a cloud-to-ground lightning discharge, and chemical reaction in
the gas phase are taken into account. The conditions of deciduous tree ignition in the typical range of
the discharge effect are revealed.

INTRODUCTION

The widely known American (WFAS, 2020), Canadian (CWFIS, 2020), European (EFFIS, 2020) systems
and domestic state standard GOST R 22.1.09.99, based on the Nesterov criterion (Nesterov, 1949), give
an abstract numerical index. In fact, all of the above methods do not take into account the real physico-
chemical processes occurring when forest fires occur.

You should focus on the deterministic-probabilistic approach to assessing forest fire danger (Ba-
ranovskiy, 2017). The mathematical content of such a system should be adequate to the physics of the
process and models of forest fuels ignition should be designed.

According to the generalized mechanism of a forest fire from a thunderstorm, itis necessary to develop
models for the ignition of deciduous trees by a cloud-to-ground lightning discharge. For conifers, such
models are also being developed. It is of interest to develop models of deciduous tree ignition prior to
spatial setting, taking into account the chemical reaction in the gas phase.

DOI: 10.4018/978-1-7998-7250-4.ch007
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The aim of the study is to develop a spatial physical and mathematical model of the deciduous tree
ignition by a cloud-to-ground lightning discharge, taking into account a wide range of factors.

MATHEMATICAL MODEL

According to (Esau, 1980), the electric current of a cloud-to-ground lightning discharge passes through
the core of a deciduous tree trunk. The main assumptions and suggestions: 1) reactive wood is formed in
the upper part of the branches (Esau, 1980); 2) the approximation of an “ideal” crack in the bark is used;
3) in the calculations, only a part of the branch growing from the trunk is considered. The rest of the
continuation is not considered, since it was previously established that during the exposure to an electric
current, the outer part of the branch does not have time to warm up; 4) the main product of pyrolysis is
carbon monoxide (Grishin, 1997); 5) the leading chemical reaction is the oxidation of carbon monoxide
to carbon dioxide (Grishin and Shipulina, 2002); 6) the tree is considered as a conductor of the resistor
type, for which Ohm’s and Joule-Lenz’s laws are valid (Sivukhin, 1977); 7) the approximation of large
vessels is used; 8) moisture evaporation is described by the Knudsen-Langmuir equation (Pankratov et
al., 1975). To describe the process under study, the following physical model is adopted. A freestand-
ing deciduous tree is considered. At a fixed moment in time, a lightning discharge of a certain polarity
and duration strikes the tree trunk. It is believed that the current-voltage characteristics of the discharge
are the same for different sections of the tree trunk. As a result of the flow of electric current in a large
vessel, the wood heats up due to the release of Joule heat. In the process of further heating, thermal
decomposition of wood occurs with the formation of gaseous pyrolysis products, which instantly enter
the gas phase region and mix with the oxidizing agent. At certain temperatures and concentrations of
reagents, a chemical reaction of carbon monoxide oxidation occurs. It is considered that ignition occurs
if critical values of the following parameters are reached: 1) the heat flux from the chemical reaction
zone exceeds the heat flux from the subcrustal zone of the tree; 2) the temperature of the gas mixture
reaches a critical value. The solution area is shown in Fig. 1.

The process of ignition of a deciduous tree by a cloud-to-ground lightning discharge is described
by a system of three-dimensional non-stationary nonlinear equations of heat conduction and diffusion
with corresponding initial and boundary conditions. For numerical implementation, a finite-difference
method was used (Samarskiy and Vabishchevich, 2001). Two-dimensional and three-dimensional differ-
ence equations were solved by a locally one-dimensional method (Samarskiy and Vabishchevich, 2001).
Difference analogues of the one-dimensional equations of heat conduction and diffusion were solved by
the marching method in combination with the simple iteration method (Samarskiy, 1983).

Mathematical model:
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Boundary conditions:
Boundary conditions outside the branch area:
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Boundary conditions on the inner side of the branch:
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Boundary conditions at the boundary of the right side of a branch and a crack:
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where T, p_., ¢, A, are the temperature, effective density, heat capacity and thermal conductivity,

respectively, of the core (i=1), bark (i=2), large vessels (i=3) of the trunk, reactive wood (i=4, 5), the
lower part of the branches (i=6.7); Tg, Py Cp xg - temperature, density, heat capacity and thermal con-
ductivity of the gas phase; C, M. - concentration and molar mass of oxygen (i=8), carbon monoxide
(i=9), water vapor (i=10) and inert components (i=11); @,, p,, ¢, A, - volume fraction, density, heat
capacity and thermal conductivity of organic matter (k=12), water (k=13) and gas mixture (k=14); a,
is the heat transfer coefficient; J - current; U is the voltage; Q is the thermal effect of moisture evapora-
tion; W_ is the mass rate of water evaporation, A is the accommodation coefficient, P* is the pressure of
saturated water vapor, P is the partial pressure of water vapor in the air, R is the universal gas constant;

96

printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Three-Dimensional Mathematical Models to Simulate Deciduous Tree Ignition

Y, - mass flow (carbon monoxide); Y - mass flow (water vapor); Qp is the thermal effect of pyrolysis;
kp - preexponential factor of the pyrolysis reaction; E, is the activation energy of the pyrolysis reaction;
Q, is the heat effect of the oxidation reaction of carbon monoxide; k. is the preexponential factor of the
oxidation reaction of carbon monoxide; Ej is the activation energy of the oxidation reaction of carbon
monoxide; V5 - part of heat absorbed by the wood layer; x, x, - auxiliary variables; r, @, z - cylindrical

Figure 2. Temperature distribution in the horizontal section of the tree trunk at different points in time:
a)0.01s;b)0.1s;¢c)0.3s;d)04s
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coordinates, t - time. Indices “e” and “0” correspond to the parameters of the external environment and
parameters at the initial moment of time.

The numerical study was carried out using the following initial data: p12=650 kg/m?*; c12=1670 J/
(kg'K); A12=0.29 W/(m'K); p13=1000 kg/m?; c13=4180 J/(kg'K); A13=0.588 W/(m'K); p14=0.598
kg/m?; ¢14=2130J/(kg'K); A14=0.024 W/(m'K); p=12 kg/m?; ¢,=2130 J/(kg'K); 1 =0.102 W/(m'K).
Evaporation parameters: Q=2250 J/kg; A=0.1; R=8.31 J/(mol'K); M,=0.010 kg/mol. Thermokinetic
parameters: Qp=1000 J/kg; kp:3.63x104 1/s; E /R=9400 K; Q.= 107 J/kg; k5=3xlO13 1/s; E/R=11500 K;
v,=0.3; M,=0.032 kg/mol; M,;=0.028 kg/mol; M, =0.018 kg/mol; M =0.044 kg/mol. External influ-
ence parameters: a=80 W/(m?'K), T =300 K. Geometric characteristics of the solution area: R =0.25
m; R,=0.245 m.

RESULTS AND DISCUSSION

The following scheme of the process under study is considered. For example, a birch tree trunk is ex-
posed to a 500 ms positive lightning discharge with a peak current of 23.5 kA (Soriano et al., 2005) and
a voltage of 100 kV. Fig. 2 shows the temperature distribution in a horizontal section of a tree trunk at
various times before and during the ignition of a cloud-to-ground lightning discharge current.

Analysis of Fig. 2 shows that as a result of the action of a typical cloud-to-ground lightning discharge,
the tree trunk in the area of large vessels is heated to temperatures at which the formation of pyrolysis
products occurs. The formed gaseous combustible products of pyrolysis and water vapor instantly enter
the region of the gas phase. The distribution of the concentrations of the components of the gas phase
along the radial coordinate is obtained. The concentration of water vapor exceeds the concentration of
gaseous combustible products of pyrolysis (the maximum is observed at the bottom of the crack, where
they are blown in from near-surface large vessels). However, its value is less than when an electric current
passes through the trunk of a coniferous tree. Nevertheless, ignition occurs, since the gas phase in the
crack area warms up to a higher temperature than occurs when a lightning discharge affects a conifer-
ous tree (or a deciduous tree with a uniform distribution of moisture-conducting paths in the horizontal
section of the trunk). The zone of localization of the chemical reaction is clearly seen in Figure 3. It is
in the crack that the gaseous pyrolysis products are ignited.

It has been established that outside the crack zone, the bark layer does not allow the gas mixture to
warm up to critical temperatures. The presence of structural inhomogeneities (cracks) in the bark changes
the situation. An increased temperature field is formed in the zone of large vessels. It was found that if
a crack partially or completely borders on a surface vessel, then it is in the crack that the gas mixture
heats up to the required temperatures, and at certain concentrations of reagents, carbon monoxide is
oxidized to carbon dioxide with the release of heat. At some distance from the bottom of the crack, the
temperature field has a peak due to heat input from a chemical reaction. In the immediate vicinity of the
trunk surface (at the bottom of the crack), the temperature of the gas phase is lower, since here pyrolysis
products and water vapor are blown in, and the concentration of the oxidant becomes lower. No chemical
reaction occurs under these conditions. Note that when solving the problem, an additional assumption
was used that only from the layer of near-surface large vessels gaseous substances can instantly appear
at the boundary of the trunk and the gas phase. It is assumed that the pyrolysis products and water va-
por from the internal vessels do not have time to reach this boundary during the period of exposure to
the lightning discharge. As a result of a numerical study of the model, it was found that at a current of
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Figure 3. Temperature distribution in a horizontal section at the moment of ignition
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1-15 kA and a voltage of 1-60 kV, a deciduous tree does not ignite when exposed to a cloud-to-ground

lightning discharge (Table 1 and 2).

As in the case of coniferous wood, the M components have no significant effect on the ignition of
deciduous wood. There is no need to take them into account when modeling and creating a new forest

fire danger predicting system.

Table 1 Ignition delay depending on voltage at J=23.5 kA

Voltage, U, kV Ignition delay, s
1-60 No
70 0.480
80 0.445
90 0.415
100 0.400
105 0.391
110 0.380
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Table 2. Ignition delay depending on the current at U=100 kV

Current, J, kKA Ignition delay, s
1-15 No
20 0.428
23.5 0.400
25 0.385
30 0.350
35 0.320

The main results correspond to those obtained from simplified statements:

1. In the zone of reactive wood, a field of low temperature is formed, and the release of pyrolysis
products from this zone is carried out in a smaller amount, which should lead to a decrease in the
probability of a forest fire.

2. There are two possible scenarios for wood heating: a) in the massive core area; b) in the area of

large vessels. Pyrolysis products and water vapor from the near-surface layers enter the region of

the gas mixture in the bark crack.

Ignition of deciduous wood occurs in the gas phase in the area of the crack.

4.  The presence of a bark barrier in a crack even 1.5 mm thick reduces the temperature in the gas
phase and ignition may not occur.

5. Differences in crack thickness under real conditions do not significantly affect the ignition delay
of deciduous trees.

6. The presence of M-components of a cloud-to-ground lightning discharge practically does not affect
the process of wood heating and deciduous tree ignition.

»

CONCLUSION

A physical and mathematical model of the gas-phase ignition of a deciduous tree as a result of the electric
current of a cloud-to-ground lightning discharge flowing along its trunk is numerically implemented.
The approximation of large vessels and an ideal crack is used. The possibility of gas-phase ignition of
a deciduous tree under conditions of a thunderstorm passing by a cloud-to-cloud-to-ground discharge
is shown.

As a result of this study, a fundamental (basic) model of gas-phase ignition of a deciduous tree by
electric current of a cloud-to-ground lightning discharge has been developed. The model makes it possible
to substantiate the very possibility of gas-phase ignition of a deciduous tree under the indicated condi-
tions. However, many questions require additional consideration. For example, the process of the inflow
of water vapor and gaseous pyrolysis products should be more adequately modeled taking into account
their filtration, both from near-surface and from internal large vessels. It is necessary to study in more
detail the effect of water vapor on the ignition conditions of deciduous trees. The process of the impact
of a cloud-to-ground lightning discharge on a deciduous tree is significantly different in comparison with
a coniferous tree. In some cases, damage or fragmentation of the trunk is possible under the influence of
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increasing pressure in its core (as a result of moisture evaporation). Thus, the presented model creates
the foundation for the development on its basis of a whole set of more complex and meaningful physical
and mathematical models of ignition and damage to deciduous trees, taking into account a wide range
of factors of the process under study.

The presented physical and mathematical model can become an additional module in forest fire danger
prediction and assessment systems (Glagolev and Zubareva, 2020; Adab et al., 2013; Al Janabi et al.,
2017; Chen et al., 2017; Chen et al., 2020; Glagolev et al., 2020; Karanina et al., 2020; Papagiannaki et
al., 2020). In addition, the results obtained are of independent fundamental importance for the theory of
forest fires. They make it possible to explain the physical nature of the studied phenomenon of ignition
of a deciduous tree by a cloud-to-ground lightning discharge.
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KEY TERMS AND DEFINITIONS

Cloud-to-Ground Lightning Discharge: An electrical discharge during a thunderstorm that occurs
between a cloud and the earth’s surface. It is a natural source of forest fires.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: cloud-to-cloud-to-ground forest fuel (needles, leaves and
dry grass, small branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Lightning Activity: An atmospheric phenomenon characterized by discharges of the cloud-to-cloud
and cloud-to-cloud-to-cloud-to-ground class.

Mathematical Simulation: The production of a computer model of forest fire conditions and pre-
requisites, especially for the purpose of study.

Meteorological Parameters: Physical characteristics of local weather conditions in the forested area
under consideration. Key parameters include ambient temperature, soil temperature, precipitation, wind
speed, solar radiation, cloud cover, dew point temperature. These parameters are used for mathematical
modeling of the drying of a layer of forest fuel.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 8

M-Components Mathematical
Modeling for Deciduous
Tree Ignition

ABSTRACT

Based on a one-dimensional two-layer physical and mathematical model of ignition of a deciduous
tree (birch), the influence of the m-components of a cloud-to-ground lightning discharge is estimated.
The problem is solved in a cylindrical coordinate system. Typical cloud-to-ground lightning discharges
are considered. An assessment of the influence of m-components was carried out for a typical range
of changes in their characteristics. Surface temperature of tree trunk and heat flux to this surface are
obtained during simulation.

INTRODUCTION

The main cause of forest fires in the Republic of Buryatia (Russian Federation) is cloud-to-ground
lightning discharges (Karanina et al., 2020; Belikova and Glebova, 2020). Thunderstorm activity is char-
acterized by a number of parameters, including rainfall (Pineda and Rigo, 2017). According to (Nieto et
al., 2012), rainfall plays an important role in the occurrence of forest fires. Precipitation is expected to
affect the moisture content of forest fuels. Many researchers have found a positive correlation between
precipitation and thunderstorm activity (Marshall and Radhakant, 1978; Sheridan et al., 1997; Petersen
and Montanya, 1998; Pineda et al., 2007). Despite the fact that most lightning discharges occur during
heavy rains, there are a small number of so-called dry thunderstorms (Hall, 2008). It is these discharges
that can lead to the appearance of active forest fires. In this paper, the scenario of dry thunderstorms is
considered.

Lightning direction finding systems exist, for example, European Cooperation for Lightning Detec-
tion (EUCLID) (EUCLID, 2020; Moris et al., 2020). Such systems make it possible to record a number
of parameters of lightning discharges, including location, discharge current, and duration of discharge
(Moris et al., 2020). This information can be used for mathematical modeling of ignition of deciduous
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tree by cloud-to-ground lightning discharge. It should be noted that there is another characteristic of
a ground lightning discharge, namely, the M-components (Campos et al., 2007), which can affect the
occurrence of forest fires.

M-components, first described in (Malan and Collens, 1937), are observed as an increase in the
channel brightness during a continuing current. M-components may have a peak in the range of kilo-
amperes (Campos et al., 2007). It is necessary to study the influence of M-components on the ignition
process of a deciduous tree trunk in order to assess the feasibility of supplementing the existing empirical
(Kurbatskiy and Kostyrina, 1977; Larjavaara et al., 2005) and deterministic-probabilistic (Baranovskiy,
2009a; 2009b) methods for predicting forest fire danger with subsystems for accounting for the pres-
ence of M-components of a lightning discharge. As a physical and mathematical model of ignition of a
deciduous tree by a cloud-to-ground lightning discharge, a one-dimensional two-layer model was used
(Kuznetsov and Baranovskiy, 2009).

The purpose of the study is to assess the influence of M-components on the ignition of a deciduous
tree by a cloud-to-ground lightning discharge, as well as to determine the ignition conditions depending
on the discharge parameters.

PHYSICAL AND MATHEMATICAL STATEMENT

The core of the deciduous tree is more saturated with moisture and, as a result, the electric current of
the discharge passes in this area (Esau, 1980). The following physical model is used. At a certain point
in time, a lightning discharge of a given polarity and duration of action strikes the trunk of a deciduous
tree. It is assumed that current—voltage characteristics of the discharge are the same for different sec-
tions of the tree trunk. The discharge current has M components. Fig. 1 shows a typical discharge with
M-components. The time is plotted on the abscissa, and the channel brightness in arbitrary units on the
ordinate.

The warming of the trunk wood occurs due to the Joule heat released in the core of the tree trunk. As
a result of the flow of electric current, the wood heats up and when critical heat fluxes from the core of
the trunk to the ignition surface and its temperature are reached, the wood ignites. The solution domain
is shown in Fig. 2, where the numbers indicate the zones: 1 - the core of the tree trunk; 2 - tree bark.

Mathematically, the process of heating a tree trunk before ignition with a ground lightning discharge
is described by a system of non-stationary differential equations (Kuznetsov and Baranovskiy, 2009):

oT, A, 0| 0T,
==—lr—|4+JU-QW¢,, 1
Pet e ot r 8T[r or oW, %
or, A\ 0| 91T,
‘ =27 , 2
P ot r or " or @
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Figure 1. Discharge with M-components (Campos et al., 2007)

‘ |

104 ‘

Luminosity (arbitraty units)

4
———————————T1
0 50 100 150 200
Time (ms)
pg%ﬂ), (3)
o6,
Py =W )

2.6, =1, (5)

107

EBSCChost - printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.coniterns-of-use



M-Components Mathematical Modeling for Deciduous Tree Ignition

Figure 2. Scheme of the solution area
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The boundary conditions for equations (1) - (2):
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The initial conditions for equations (1) - (5):

=0, T(r)=T,(r) (11)
®30)=0.715, (12)
#40)=0.285, (13)

where T, is the temperature of the inner part of the trunk (i = 1) and the bark (i = 2); @, is the volume
fraction of: organic matter (i= 3), water (i= 4) and water vapor (i= 5); p,, ¢, A, — density, heat capacity
and thermal conductivity of the crust (i=2), organic matter (i=3), water (i=4) and water vapor (i=5);
p.» . A - effective density, heat capacity and thermal conductivity of wood of the inner part of the
trunk; o - heat transfer coefficient; J is the current strength; U is the voltage; Q is the thermal effect
of moisture evaporation; r is the coordinate; t is time. W is the mass rate of water evaporation, A is
the accommodation coefficient, P* is the pressure of saturated water vapor, P is the partial pressure of
water vapor in the air, R is the universal gas constant, M is the molecular weight of water. The indices
“Rs”, “e” and “0” correspond to the parameters on the outer boundary of the tree trunk, the external
environment and the parameters at the initial time. A numerical study was carried out using the follow-
ing initial data: p,.=650 kg/m’; ¢,=1670 J/(kg'K); 1,=0.29 W/(m'K) (Zabolotny et al., 1995); p,=1000
kg/m’; c,=4180 J/(kg'K); A,=0.588 W/(m'K); p,=0.598 kg/m*; c¢.=2130 J/(kg'K); A,=0.024 W/(m'K).
Evaporation parameters: Q=2250J/kg; A=0.1; R=8.31 J/(mol-K); M = 0.010 kg/mol. External exposure
parameters: a=80 W/(m*'K).

RESULTS AND DISCUSSION

The mathematical model (1) - (7) with boundary and initial conditions (8) - (13) is implemented by the
finite-difference method (Samarskiy, 1983). To solve the difference analogues of one-dimensional equa-
tions, the marching method (Samarskiy, 1983) was used. As aresult of an experimental study (Zabolotny
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et al., 1995), the criteria for ignition are determined by temperature and heat flux to the surface of the
ignition. A scenario is considered when a negative polarity discharge strikes a pine trunk with a duration
of 300-500 ms with an average current of 23.5 kA and 35 kA and a voltage of 100 kV (Soriano et al.,
2005;Cummins et al., 1998). The current has 5 M components.

Figure 3 shows the time dependence of the current of a cloud-to-ground lightning discharge and M-
components. In Fig. 3.a, curves 1 and 2 correspond to discharges with a duration of 500 and 300 ms,
respectively. Figure 3b shows the dependence of the current and the M component for a discharge with
a large average current (J = 35 kA).

Figure 4a shows the dependence of the temperature of the ignition surface at different instants of time
for a discharge lasting 500 ms. Figure 4b shows the time dependence of the heat flux to the ignition sur-
face for a discharge with a duration of 500 ms. Curves 1 and 2 correspond to discharges with and without
M-components. The ignition conditions were evaluated according to the following criteria (table. 1):

Table 1. Experimentally determined ignition conditions (Zabolotny et al., 1995)

Ignition delay, s Heat flux, kW/m? Surface temperature, K
136 15
61.2 21 645
17.2 42 688
1.8 125 755
0.43 210 801

An analysis of the results (Fig. 4) shows that the ignition conditions are satisfied for a typical cloud-
to-ground discharge (with a duration of about 500 ms). Studies have shown that a short-term discharge
(lasting less than 500 ms) with average volt-ampere characteristics does not ignite a deciduous tree trunk.
That is, a clear dependence is established on the time of exposure of the tree trunk by the current of a
cloud-to-ground lightning discharge and the process of its ignition as a result of the release of Joule heat.

An analysis of the influence of the M-components of a cloud-to-ground lightning discharge revealed
a weak dependence of the ignition process on their presence. The M-components of typical cloud-to-
ground lightning discharges show only a negligible effect on the ignition of deciduous trees (Fig. 4).
The influence of the M-components of a ground lightning discharge with a high average current is even
less noticeable. The curves in this case lie almost one in one.

In this work, the effect of the presence of M-components was assessed on the ignition of a deciduous
tree by cloud-to-ground lightning discharge. The ignition conditions that are characteristic of a typical
range of lightning discharge parameters are revealed. It was found that a lightning discharge lasting about
500 ms leads to ignition of the trunk of a deciduous tree, regardless of the presence or absence of M-
components. Moreover, the dependence on the presence of M-components is weak and decreases with
an increase in the average current of a cloud-to-ground lightning discharge. An explicit dependence on
the time of exposure of the tree trunk by the current of cloud-to-ground lightning discharge has also been
established. A short-term (less than 300 ms) discharge with typical volt-ampere characteristics cannot
lead to ignition of the material of a deciduous tree trunk.
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Figure 3. Current and M-components adopted in computational experiments
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Figure 4. The temperature of the ignition surface (a) and the heat flux to it (b) at various points in time
(prolonged ground lightning discharge)
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CONCLUSION

In this work, the effect of the presence of M-components was assessed on the ignition of a deciduous
tree by cloud-to-ground lightning discharge. The ignition conditions that are characteristic of a typical
range of lightning discharge parameters are revealed. It was found that a lightning discharge lasting about
500 ms leads to ignition of the trunk of a deciduous tree, regardless of the presence or absence of M-
components. Moreover, the dependence on the presence of M-components is weak and decreases with
an increase in the average current of a cloud-to-ground lightning discharge. An explicit dependence on
the time of exposure of the tree trunk by the current of cloud-to-ground lightning discharge has also been
established. A short-term (less than 300 ms) discharge with typical volt-ampere characteristics cannot
lead to ignition of the material of a deciduous tree trunk.

Developing software for forest fire danger predicting, it is not necessary to take into account the pres-
ence of M-components. This fact allows us to operate with simpler physical and mathematical models
when constructing information-forecasting systems for the needs of forest protection from fires. In
addition, the database of such a system may not contain information on the M-components of a cloud-
to-ground lightning discharge.

On the other hand, in the present work, the ignition of a deciduous tree by cloud-to-ground lightning
discharge was simulated in a more complete physical formulation than in (Kuznetsov and Baranovskiy,
2009). The results obtained are of independent importance for the development of the theory of forest
fires (Chen et al., 2020; Dupuy et al., 2020; Eskandari et al., 2020; Glagolev et al., 2020; Papagiannaki
et al., 2020; Yankovich and Yankovich, 2020). In the present work, the location and duration of the M-
components of the discharge were determined randomly from the range of their variation determined
statistically (Campos et al., 2007). This is programmatically implemented using a random number gen-
erator. It is known that continuing current has various waveforms (Campos et al., 2007) depending on
the location and duration of the M-components. In subsequent works, while conducting basic research,
this issue can be worked out in more detail.
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KEY TERMS AND DEFINITIONS

Cloud-to-Ground Lightning Discharge: An electrical discharge during a thunderstorm that occurs
between a cloud and the earth’s surface. It is a natural source of forest fires.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: ground forest fuel (needles, leaves and dry grass, small
branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Lightning Activity: An atmospheric phenomenon characterized by discharges of the cloud-to-cloud
and cloud-to-ground class.

M-Components: Are observed as an increase in the brightness of the channel during continuing
current. M-components may have a peak in the range of kiloamperes.

Mathematical Simulation: The production of a computer model of forest fire conditions and pre-
requisites, especially for the purpose of study.

Meteorological Parameters: Physical characteristics of local weather conditions in the forested area
under consideration. Key parameters include ambient temperature, soil temperature, precipitation, wind
speed, solar radiation, cloud cover, dew point temperature. These parameters are used for mathematical
modeling of the drying of a layer of forest fuel.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 9

Physical Modeling of Forest
Fuel Ignition by the Heated Up
to High Temperatures Particle

ABSTRACT

This chapter discusses a comparative analysis of the results of physical modeling of ignition of various
forest fuels by a particle of metals and nonmetals heated to high temperatures. Typical forest fuels are
considered: pine litter, birch leaves, and grass. The results of physical modeling of ignition of spruce
branches with needles are discussed separately. Conclusions are drawn about the lower limit of ignition
and fire danger of particles heated to high temperatures. The physical mechanism of ignition of forest
fuels by a particle heated to high temperatures is presented.

INTRODUCTION

It is possible to ignite forest fuels with a single particle heated to high temperatures. Real particles, as a
rule, have the shape of irregular polyhedrons and are in a solid state during deposition. In order to predict
the forest fire danger, it is impossible to take into account the real configuration of particles falling onto
the surface of a fuel. For experiments, particles similar to parallelepipeds and cylinders were selected.

The results of experimental and theoretical studies of the ignition of natural fuels by particles heated
to high temperatures have been published. It is known (Hadden et al., 2011) that burning particles (fire-
brands, coals) are the main mechanism for the propagation of forest fires and fires passing to the village
(WUI Fires - Wildland Urban Interface Fires). Often, such sources of local heating are formed during the
burning of forest fuels and are transferred by the wind or as a result of the plume (convective column)
from the fire to the forest fuel layer untouched by the fire and lead to its ignition. For example, an analysis
of the 1994 fire statistics in Sydney showed that 75% of houses caught fire as a result of heated particles
and only 25% caught fire from particles and radiation from a flame (Ramsey and McArthur, 1995). In
addition, molten or burning particles can be formed as a result of collision of power line wires at high
wind speeds (Hadden et al., 2011). The processes of forest fuel ignition by heated particles have not been
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sufficiently studied, with the exception of some field studies (Stokes, 1990; Rowntree and Stokes, 1994;
Manzello et al., 2006a,b; Pitts, 2007; Manzello et al., 2008; Caine et al., 2009). In (Hadden et al., 2011),
the results of an experimental and theoretical study of the forest fuel ignition by heated particles are
presented. Steel spheres that were inert to chemical interaction were considered as a source of ignition.
At the same time, cellulose in the form of a powder was used as a fuel, since it formed homogeneous
layers with known thermophysical properties. The following range of sizes of hot particles is known,
which are formed as a result of burning vegetation or the interaction of power transmission line wires:
fragments with characteristic sizes of 200 to 10 mm in diameter are formed from Douglas spruce wood
(Mangzello et al., 2008a,b; Yoshioka et al., 2004). The objectives of the research (Hadden et al., 2011)
was to evaluate the ignition conditions; smoldering; decay, turning into a flame; lack of ignition. These
conditions depend on the size and state of the particle (temperature, heat capacity, smoldering or burning
in a flame mode), as well as on the properties of the fuel. It was established (Manzello et al., 2008a) that
when using single hot fragments from Douglas spruce (5 mm and 10 mm in diameter, 51 mm and 76 mm
in length, respectively) at a blown stream speed of 0.5 m /s or 1 m/ s, paper scraps ignited in smoldering
mode, but did not occur in pine needles and hardwood. For burning particles, ignition was recorded in
all experiments, with the exception of “mulch” of deciduous trees. In (Caine et al., 2009), hot springs
obtained as a result of electric heating of a spiral were used. No explicit relationship was found between
the diameter of the heating source and the temperature necessary for ignition. As a result of theoretical
studies, the Joule heat release from the spiral was evaluated as an ignition criterion by analogy with the
minimum ignition energy for the concept of gas ignition (Stokes, 1990; Rowntree and Stokes, 1994).
However, this approach was evaluated critically by the authors of (Babrauskas, 2003), since particles of
different sizes with the same energy did not always initiate ignition. In (Babrauskas, 2003), it was con-
cluded that the ratios of its size and initial temperature are important for ignition by a particle. The first
works on ignition of condensed matter were published in the 60-70s of the last century (Goldschleger et
al., 1973; Zinn, 1962; Boddington, 1963; Friedman, 1963; Thomas, 1965) and later applied to the study
of the ignition of natural fuels (Jones, 1993; 1994; 1995). Later, a mathematical simulation of ignition
was carried out when a fuel was heated by sources of constant temperature and large sizes (Zvyagilskaya
and Subbotin, 1996; Grishin et al., 1998; Lautenberger and Fernandez-Pello, 2008).

The purpose of this study is a comparative analysis of the results of experimental studies of the igni-
tion of forest fuels by a metal or non-metal particle heated to high temperatures.

STUDY AREA

The ecological system of forests of the Russian Federation occupies 1.2 billion hectares of territory and
contains about 25% of the forest resources of the entire planet. Russian forests are not only an economic,
but also an important environmental resource, since the Russian Federation provides an annual carbon
storage of 29 billion tons. The global processes of regulating the state of the environment, biodiversity,
climate, river flows are significantly affected by the forests of the Russian Federation (Kuznetsov et al.,
2005).
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Tomsk Region

Tomsk region, especially its northern part, is a fairly typical forest-covered territory of the boreal forest
zone. On her example, a fairly general description of the conditions for the occurrence of fires is possible.
The region has large forest resources. Forest fund occupy 90.5% of its entire territory. An area of 17 mil-
lion hectares is covered with tree species, including 9.9 million hectares - coniferous (Panevin, 2006).
The main relief types within the Tomsk Region are the watershed plains and river valleys along with the
hollows of the ancient runoff. Dividing plains are represented by positive and negative morphostructures.

Forests of the region are located in the river basin (The Ob) are on exclusively flat territory with
excess moisture and are of great environmental importance (Panevin, 2006). Relatively harsh climatic
conditions determine a fairly limited species composition of forests. The most common types of forest
formers are common pine, Siberian cedar, Siberian spruce, Siberian fir, saggy and fluffy birch, Siberian
aspen and larch (Panevin, 2006).

The fire danger of the forests of the Tomsk Region is determined by the presence of a significant
proportion of coniferous forests, developed by the burning ground cover and hot dry summers. The
climate of the Tomsk region is sharply continental of the boreal type. In territories with a continental
climate, conditions especially favorable for the occurrence of forest fires are created (Kurbatskiy, 1964).
Depending on weather conditions, all three peaks of seasonal incidence are expressed in the forests of
the region: spring wave of fires, summer steady fires and autumn fires (Panevin, 2006).

A feature of the forests of the Tomsk region is the presence of fuel in all stands. Mostly surface fires
develop in the region (98.5%), 1.1% of incidents and 12.5% of the burned area account for the crown
fires, and underground fires occur even less frequently (Panevin, 2006). The share of fires for anthropo-
genic reasons is quite stable over the years, and fires from a lightning discharge are cyclical in nature.
Periods with massive thunderstorms give way to calmer ones. The firewood of the region’s forests also
varies significantly over the months of the fire danger season. The most “burning” months are June and
July. The duration of the fire danger season according to the weather is from 137 to 161 days (Panevin,
2006). According to Rosleskhoz, the statistics of forest fires in the Tomsk Region suggests that approxi-
mately 200 forest fires are caused by anthropogenic factors and about 75 forest fires arise as a result
of thunderstorm activity (according to 2016 data). Part of the fires arises as a result of the transition of
agricultural bollards to forested areas.

Annually field observations and collection of forest fuel samples for experimental studies is car-
ried out in the Timiryazevskiy forestry of the Tomsk region. The specified forestry of Tomsk Forest
Management is located between two large rivers (Ob and Tom) in the territory of three administrative
regions of Tomsk Region: Tomskiy, Shegarskiy and Kozhevnikovskiy. The length of the territory from
North to South is 64 km, from West to East is 50 km. Forests are mainly represented by a single forests,
except for the isolated near-village pine forests of the settlements of Zorkaltsevo, Nizhne-Sechenovo
and Gubino (Matsenko et al., 1999).

According to the forest vegetation zoning of Western Siberia, the territory of the Timiryazev forestry
of the Tomsk region belongs to the southern taiga zone (the Ob-Tomsk cedar-pine forest district). Accord-
ing to the agroclimatic zoning of the Tomsk Region adopted by the Tomsk branch of Sibgiprozem, the
forestry area is classified as a moderately humid area. The growing season is 120 days. The predominant
main breed is pine (39.6%); Aspen (26.2%) and birch (21.2%); cedar, larch, spruce and fir account for
13% (Matsenko et al., 1999). For several years, the former Kaltai forestry as the Kaltai precinct forestry
has been part of the Timiryazevskiy forestry.
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Republic of Buryatia

The study was conducted in the Gilbirinskiy forestland (Ivolginskiy district of the Republic of Buryatia)
in a protected natural area. The study area is located between latitudes 51°35°50”” N and 51°46°40°” N and
longitudes 106°42’ E and 107°02’ E (Roslesinforg, 2020). This area is 55 km southeast of Lake Baikal,
and belongs to the northern tip of the Selenga middle mountain. The area of the forestland is about 270
km? (Reglamenty, 2020). The forestland was divided into 126 forest areas. The forest quarter is a part
of the forestland and it has permanent boundaries. The forest quarter is the main accounting unit of the
forest fund in the Russian Federation. The study region, like the whole of Buryatia, has a sharply conti-
nental climate, with cold winters and hot summers. The average temperature in summer is about +18.5
°C, in winter is about -22 °C, and the average annual temperature is about -1.6 °C. The average annual
rainfall is 244 mm. A significant feature of the climate is the long duration of sunshine for 1900-2200
hours per year (Ivolginskiy Rayon, 2020). About 90% of the territory is occupied by natural plantations.
There are types of glades, slopes, pebbles, forest cultures, arable land, pastures, etc. The main forest-
forming species are larch, pine, cedar, birch, and aspen (Forest resources, 2020; Yankovich et al., 2019).

MATERIALS AND METHODS

Experiments were conducted with various forest fuels.

Pine litter. The first object of study was the model layers of a typical forest fuel (pine needles), which
were formed in a glass refractory cuvette by means of a random laying of needles in a uniform layer. It
should be noted that the packing density corresponded to the density of coniferous litter in a real forest
with a porosity of more than 0.9). Characteristics of needles: a) on the appearance of brownish; b) the
needles of last year’s gathering partially decomposed; c) pre-dried; d) the main fraction was composed
of individual needles with a size of 7-8 cm in the longitudinal and 0.7-1.2 mm in the transverse direction;
e) the fraction differing from the main part of the needles was about 5% (probably the presence of such
needles in the litter can be explained by some tree diseases and, accordingly, their lower mechanical
strength (Esau, 1980).

Leaves of birch. The second series of experiments was performed with birch leaves dried and puri-
fied from foreign inclusions. Immediately before the experiments, the leaves were also dried in an oven
for 2-3 hours. The experiments were carried out with weighed portions of the studied forest fuel, which
included 5-6 leaves. Laying leaves was uniform.

Birch leaves are biologically transformed. The object of the study was hinges prepared from a typi-
cal forest fuel — litter of hardwood (birch leaves) with a long residence time in the ground layer. Real
layers of leaves were modeled by their random laying on the substrate. The packing density corresponded
to the density of deciduous hardwood in mixed forests. The experiments were carried out with leaves,
in which, after partial decomposition under external influences (precipitation, solar radiation, periodic
temperature changes), the content (fraction) of combustible components can change. Decomposition
processes can affect the flammable properties of brown foliage.

Spruce needles with branches. The object of the study was the model layers of a typical forest fuel
(spruce needles with branches), which were formed in a refractory cuvette by means of a random ar-
rangement of branches with needles in a uniform layer. Characteristics of forest fuel: a) the needles in
appearance are green with a slight gray-brown tint; b) needles and branches of the current collection are
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practically not decomposed; c) pre-dried material; d) the main fraction consisted of needles with a size
of (1.5-2) cm in the longitudinal and (0.7-1.3) mm in the transverse direction; e) the fraction of twigs
different from the main part of the needles was about 25%.

Grass. The object of research was samples of grass using stacking densities corresponding to real
environmental conditions. The material for the experiment was collected along transport and railway lines
at the borders with forests (Tomsk Region). Immediately before carrying out experiments on ignition,
the samples of grass were dried in an oven until the moisture completely evaporated from the material.
The grass has a complex structure, including dead morphological parts of grassy vegetation, such as
a stem, leaf plate, and sometimes cereals. When forming the sample, all elements from the totality of
morphological parts were used with a predominance of leaf blades in the total mass. Such a composition
is characteristic of grass located in real natural conditions.

The following sources of elevated temperature were used:

Particle of metal. The choice of steel for the manufacture of particles used as a local heating source
is due to several reasons (Zakharevich et al., 2012). Firstly, in real practice, the sources of ignition in for-
ested areas are mainly carbon particles that are formed when the wind blows unheated fires. But there are
frequent cases of fires when particles that form during the welding or cutting of metals in forest-covered
areas hit the surface of a forest fuel. Secondly, earlier attempts were made to conduct experiments with
solid wood combustion products heated to high temperatures. It was found that in this case it is very
difficult to obtain particles that differ slightly in configuration and size. But the shape of the particle and
its characteristic dimensions strongly affect the ignition conditions of the forest fuel. The temperature of
a larger particle, separated from a large sample of charred wood, as a rule, differs significantly from the
temperature of a small particle. In addition, their structure (porosity, crack sizes, pore surface configura-
tion) also differ significantly. Therefore, it is extremely difficult to ensure stability and repeatability of
conditions in individual experiments. For these reasons, metal particles with fixed constant sizes and
a structure that does not change during the experiment are significantly more preferable. Thirdly, also
in the process of preliminary stage experiments, it was found that the main parameter determining the
conditions and ignition delay of forest fuel is the particle temperature. Deviations of 50 - 100 K lead to
significant changes in the conditions of ignition of forest fuel. At the same time, carbon particles formed
during the burning of, for example, wood when heated to high temperatures (more than 1000 K) are
destroyed, as a rule, as a result of physicochemical transformations and the action of thermal stresses.
For these reasons, steel particles were chosen as a local heating source. Stage experiments carried out
during the development of experimental research methods showed that particles weighing less than 2.5 g
(and, correspondingly, with smaller characteristic sizes), even when heated to high temperatures, do not
initiate ignition of the studied forest fuel. Therefore, experiments were carried out only with sufficiently
large particles (characteristic longitudinal and transverse sizes of at least 13 mm and 6 mm, respectively).

Carbon particle. The source of elevated temperature was modeled by parallelepiped-shaped graphite
particles. It should be noted that the process of ignition by a carbon particle is different from a similar
process with a steel particle as a source of ignition. Single carbon particles at high temperatures are
characterized by the gasification process, which occurs during the intense penetration of gas reagents
through the porous structure of the particle (Vilensky and Khzmalyan, 1978; Golovina, 1983; Morell et
al., 1990). That is, diffusion processes prove to be important (it was shown (Samuylov et al., 2004) that
diffusion phenomena have a significant influence on the gasification process for large particles) and
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the transformation of components inside the particle, which leads to a change in the porous structure
itself (Jones et al., 1999). The form of the global gasification reaction is as follows (Samuylov et al.,
2004): C+CO2®2CO. According to (Laurendau, 1978), this process includes a chain of reactions on
the surface of pores:

C+CO,«C(0), +CO,
C(0), ®C+CO,
C(0),«CO),
C(O)®C+CO,

Where C, C(O),, C(O), — respectively, free active carbon centers, an oxygen atom connected to a
carbon atom by a mobile ionic bond, and an oxygen atom forming a fixed carbonyl bond with a carbon
atom. To date, new approaches to studying the mechanism and laws of heterogeneous combustion and
carbon gasification reactions have developed (Golovina, 2002). If in the framework of the diffusion-
kinetic theory of heterogeneous combustion and gasification of carbon the laws of the process were
judged by the behavior of only the gas phase, then now, along with the gas phase, changes in the solid
phase are also taken into account. For this, the concept of active surface centers (ASA) or, more broadly,
reactive active centers (RSA) is introduced. The reactive surface is determined by the concentration of
active carbon atoms, on which a carbon-oxygen complex is formed, which gives a gaseous product upon
decomposition (Golovina, 2002; Lizzo et al., 1990).

According to the results of test experiments, particles in the form of a parallelepiped made of a graphite
bar with characteristic dimensions were selected for the experiments: height h = 14 mm; width x1 = 8
mm; thickness x2 = 8mm; m = 1.3 g. Their preliminary placement in an induction furnace showed that
in the temperature range 1113 - 1273 K a graphite particle burns in a flame mode. The precipitation of
such a particle on the forest fuel layer also unambiguously leads to ignition. It is likely that the initial
heating of a graphite particle is accompanied by the release of any volatile compounds that burn in the
gas phase. Subsequent heating of the particle is not accompanied by the appearance of a flame around
the particle. A series of preliminary experiments showed that a carbon particle is characterized by its
burnout over time. This can be explained by the processes of gasification of a carbon particle considered
above, as well as by the heterogeneous oxidation of carbon itself.

For the experiments, an experimental setup was made, the circuit diagram of which is shown in Fig. 1.

The experiments were carried out according to the classical plan with randomization due to the fact
that a mathematical model has not yet been determined that describes the relationship between the igni-
tion delay of the forest fuel and the initial temperature of a local heating source. At a constant value of
T,, 5-7 experiments were performed, the standard deviation and confidence intervals for determining
L, were calculated with a confidence probability of P=0.95 (Gorban, 2017). The normal distribution of
the measured quantity (ignition delay) was assumed.

PHYSICAL AND CHEMICAL MECHANISM OF IGNITION

This section provides a description of the physicochemical mechanisms of ignition of various forest fuels
with a metal and carbon particle.
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Figure 1. Experimental installation to study the ignition of forest fuel by the single particle heated to high
temperatures: 1 - platform, 2 - heater, 3 - camera, 4 - movable holder with terminal at end, 5 - cuvette
with sample of forest fuel, 6 - high-temperature particle (Baranovskiy and Zakharevich, 2018)

WA

Pine litter. For a metal particle, the following regularities of the process are established. After a short
period of inert heating of the forest fuel layer, thermal decomposition of the material begins with the
release of gaseous pyrolysis products. The forest fuel in the surface layer decomposes almost completely
with a small coke residue, which falls on the substrate. In the porous medium of forest fuel, gaseous py-
rolysis products are filtered to the heated surface of the layer and mixed with an oxidizing agent, and the
gas mixture is heated, followed by ignition. Then the flame appears around the perimeter of the particle.

The following regularities of the process under study are established for a carbon particle. There are
two options for implementing the ignition conditions (Zakharevich et al., 2012b):

Initially, the mechanism of ignition resulting from the action of a burning graphite particle was
investigated. A carbon particle, accompanied by a flame torch of combustion of volatile compounds,
falls on a layer of forest fuel, which is heated as a result of the action of three heat transfer mechanisms:
conduction, convection and radiation (most likely convective and radiant transfer are the main ones in this
ignition mechanism). Individual needles warm up and begin to thermally decompose with the release of
gaseous pyrolysis products. There is injection of gaseous combustible products and ignition of forest fuel
in the gas phase. For the moment of ignition, the appearance of a second flame torch is characteristic.
The first is formed as a result of combustion of volatile products released by the particle. Then there is
a union of torches and the subsequent spread of flame over a layer of forest fuel.

Leaves of birch. Visual observations and video frame analysis of the processes of ignition of litter
from birch leaves allow us to describe the following mechanism of the ignition of forest fuel as a result
of the action of a metal particle heated to high temperatures (Zakharevich et al., 2012a). The first short
stage is the inert heating of the leave by a local source of elevated temperature. Then the process can go
in two ways (depending on the orientation of the leave relative to the precipitated particles).

Particle precipitation on the back side of the leave: after inert heating, the thermal decomposition
of the forest fuel begins with the formation of gaseous pyrolysis products (first, the surface layer of the
leave undergoes thermal decomposition). Filtration occurs in the microporous structure of the forest fuel
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of the pyrolysis products to the “leave-particle” contact surface, heating of the fuel and oxidizer mixture
and ignition in the gas phase.

If the particle falls on the front side of the leave: after inert heating, high-temperature evaporation
of essential oils and analogues of terpene compounds begins. These vapors are mixed with atmospheric
oxygen and subsequent explosive ignition of the mixture as a result of local heating. Visually, the pic-
ture of the process as a whole corresponds to the picture of ignition of liquid fuels (Zakharevich et al.,
2008). In a number of cases, ignition occurs even before the significant thermal decomposition of the
forest fuel, which is the next stage. The gaseous products of pyrolysis are blown into the heated region
and enhance the burning area. It should be noted that in almost all experiments the formation of a flame
plume was observed along the entire perimeter of the particle. In some cases, in a fraction of a second,
a volumetric flame torch was formed over the entire surface of the ignition source (around the perim-
eter and above the particle). It is known (Kansa et al., 1977; Grishin, 1992) that gaseous, liquid, and
solid thermal decomposition products are formed during the pyrolysis of hardwood. In the conducted
experiments, a noticeable formation of liquid products of pyrolysis of the birch leaf was also observed.

In the case of a carbon particle, after the initial stage of a short period of inert heating of the forest
fuel layer, thermal decomposition of the material begins with the release of gaseous pyrolysis products.
In the near-surface layer, forest fuel decomposes almost completely with a small coke residue, which
falls on the substrate. In the porous medium of forest fuel, gaseous pyrolysis products are filtered to the
heated surface of the layer and mixed with an oxidizing agent, and the gas mixture is heated, followed
by ignition. Then the flame appears around the perimeter of the particle. It is established that after a
particle falls out on the front side of the leave, an inert heating of the material occurs for 0.1-0.2 s. The
next stage of the process is the gasification of ether compounds and gas-phase ignition of a mixture
of fuel with air. If the particle falls on the back of the leave, then the ignition mechanism is somewhat
different. A separate leave warms up and begins to thermally decompose with the release of gaseous
pyrolysis products and their subsequent blowing into the region of elevated temperature and ignition of
forest fuel in the gas phase. For the ignition conditions of this forest fuel, the appearance of a second
flame torch is characteristic (the first is formed as a result of burning of volatile products released by
the particle). Then there is a union of torches and the subsequent spread of flame over a layer of forest
fuel. Visual observations of the processes of ignition of litter from birch leaves and viewing of video
frames allow us to formulate a physical model of the occurrence of forest fuel ignition when heated by
a small particle (flameless heating mode). The first short stage is the inert heating of the leave by a local
source of elevated temperature. In the future, two options for the development of the process are possible.

If the particle is on the back side of the leave after inert heating, thermal decomposition of the forest
fuel begins with the formation of gaseous pyrolysis products. The pyrolysis products are filtered in the
microporous structure of the forest fuel to the “leave-particle” contact surface, the mixture of fuel and
oxidizer is heated and ignition occurs at some distance from the particle surface.

If the particle is on the front side of the leave after inert heating, high-temperature gasification of
essential oils and analogues of terpene compounds begins. Diffusion of these vapors in air leads to explo-
sive ignition of a mixture of fuel and an oxidizing agent as a result of local heating (visually the picture
of the process as a whole corresponds to the picture of ignition of liquid fuels). In some cases, ignition
begins before significant thermal decomposition of the forest fuel. As a result, the gaseous products of
pyrolysis are blown into the heated region and increase the burning area. In most experiments, a flame
torch was formed around the entire perimeter of the particle. Sometimes, in a split second, a volume
flame torch arose over the entire surface of the particle.
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Grass. It should be noted that there are two possible variants of the interaction of the heated particle
with the forest fuel layer: the heating source falls on the surface of the leave plate or falls into the depth
of the grass rag layer. Penetration of a particle into a layer is characteristic of steel sources due to their
greater mass compared to carbon particles. Therefore, we consider only the ignition mechanism of grass
rags as a result of exposure to the surface of the leave plate. For a short period, an inert heating of the
forest fuel layer occurs, followed by thermal decomposition of the material with the release of gaseous
pyrolysis products. It should be noted that the isolation of the products of pyrolysis is more intense than
that of the litter of pine needles. The combustible forest material in the near-surface layer decomposes
almost completely with a small amount of coke residue that falls on the substrate. In a microporous for-
est fuel medium, gaseous pyrolysis products are transported to the heated surface of the layer and mixed
with an oxidizing agent. Then the gas mixture is heated, followed by the ignition stage. After a fraction
of a second, a flame appears around the perimeter of the particle.

Birch leaves are biologically transformed. Any forest fuel in the process of exposure to external
conditions and meso-, microfauna of the soil is subject to biological transformation (Pinaeva, 2009).
These processes begin from the moment the forest fuel element falls onto the ground cover and lasts sev-
eral years (Belyakova, 2001). A significant amount of litter decomposes during the first year. Moreover,
the decomposition coefficient is maximum in tropical forests and minimal in boreal forests. Possible
impact of both biological and environmental factors (leaching, thermal destruction, etc.) (Chastukhin
and Nikolaevskaya, 1969). The cycle of organic matter in the tundra, forest tundra, coniferous taiga and
coniferous-deciduous forests is greatly inhibited. The rate of accumulation of dead plant debris prevails
over their decomposition in broad-leaved forests, where the organic cycle is also inhibited (Belyakova,
2001). To study the destruction of litter, weighed portions of plant material are used, for which the change
in weight over time is determined (Belyakova, 2001; Microbiological..., 1987). This method allows you
to develop mathematical models of the cycle of substances in biogeocenosis. So the models (Titlyanova,
1971) describe biogeocenosis as a system of blocks with a certain stock of biological substance, which
passes from one block to another. Almost throughout the study of transformation processes, the biological
factor was considered as determining. However, in some conditions, the influence of ultraviolet radiation
on plant residues may be a decisive factor (Kokovina, 1967). Biological researchers agree that climatic
conditions — the mutual influence of moisture, temperature, solar radiation and their distribution over
the seasons of the year — are most significant in decomposition processes. Observations showed that
with the same composition of forest-forming species under different climate conditions, decomposi-
tion proceeds in different ways. Most researchers studying the decomposition of plant residues agree
(Chastukhin and Nikolaevskaya, 1969) that it is impossible to accurately determine which of the factors
(abiotic or biotic) is leading in ensuring the conversion of organic substances and their mineralization.
As a result of the deposition of a particle heated to high temperatures, inert heating begins in a certain
local region of the forest fuel element (leave). Then the process of thermal decomposition of the fuel
occurs with the formation of gaseous and solid pyrolysis products. In contrast to the thermal decompo-
sition of dry green birch leaf, the appearance of a liquid fraction of pyrolysis products is not observed.
Gaseous combustible components diffuse into the region of the gas mixture, where they are mixed with
atmospheric oxygen. At certain concentrations of reagents, a chemical reaction occurs of the oxidation
of gaseous products of pyrolysis with atmospheric oxygen. It must be assumed that, as in the case of
softwood litter, the main component of the pyrolysis products is carbon monoxide. The flame micro-
flare appears on the side of the local heating source, which indicates the filtration in the microporous
structure of the leave of thermal decomposition products to its surface. An analysis of the frames of
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the video showed that the pattern of the development of the flame structure is typical, in which part of
the side surface of the particle is also covered by a flame torch. It is possible that the gaseous pyrolysis
products not only mix with atmospheric oxygen, but also penetrate into the microporous surface layers
of the carbon particle, in the pores of which complex physical and chemical processes occur (the interac-
tion of the pyrolysis products with the material of the particle and its thermal decomposition products,
heterogeneous reactions on the surface of micropores, oxidation of gaseous pyrolysis products). Based
on the results obtained, it can be concluded that the source of heating itself has a significant effect on
the thermokinetic processes that occur during combustion. The carbon particle not only maintains heat
inflow into the gasification zone of the forest fuel and heats the gaseous products of pyrolysis of forest
fuels, but also directly participates in chemical interaction with the gaseous products of pyrolysis.

Spruce needles with branches. The following patterns of the process under study are established.
There are two options for implementing the ignition conditions (Baranovskiy and Zakharevich, 2020):

a) Initially, the mechanism of ignition resulting from the action of a burning graphite particle was
investigated. A carbon particle, accompanied by a flame torch of combustion of volatile compounds,
falls on a layer of forest fuel, which is heated as a result of the action of three heat transfer mechanisms:
conduction, convection and radiation (most likely convective and radiant transfer are the main ones in
this ignition mechanism). Individual needles warm up and begin to thermally decompose with the release
of gaseous pyrolysis products. There is injection of gaseous combustible products and ignition of forest
fuel in the gas phase. For the moment of ignition, the appearance of a second flame is characteristic (the
first is formed as a result of the combustion of volatile products released by the particle). Then there is
a combination of torches and the subsequent spread of flame along the forest fuel layer.

b) Flameless mode. After the initial stage of a short period of inert heating of the forest fuel layer,
thermal decomposition of the material begins with the release of gaseous pyrolysis products. In the con-
tact zone, the needles from the heterogeneous layer of forest fuel decompose almost completely with a
small coke residue that falls on the substrate. Thin branches are thermally decomposed in a thin surface
layer. In the porous medium of forest fuel, gaseous pyrolysis products are filtered to the heated surface
of the layer and mixed with an oxidizing agent, and the gas mixture is heated, followed by ignition. In
most experiments, a flame torch formed over a heated particle.

Unlike pine litter, the test sample was characterized by an ordered distribution of individual needles,
thin branches and often a fixed distance between them. The structure of the sample was characterized by
porosity due to the ordered structure of the needles, as well as large pore space due to the morphology of
spruce branches, which led to rather high values of the standard deviations of the measurement results
L from the average values. Due to this, in each particular experiment from a series of experiments at
the same initial temperature, the heat exchange conditions between the ignition source and the layer of
forest fuel were also different.

COMPARATIVE RESULTS

Table 1 presents the comparative results on the average ignition delay time of various forest fuels of a
particle heated to high temperatures.

Table 2 presents comparative results on confidence intervals of the averaged delay time of ignition
of various forest fuels of a particle heated to high temperatures.
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Table 1. Ignition delay for different forest fuels subjected to hot particle

TK Pine, steel Pine, Leaf, steel Leaf, Grass, steel Grass, tranI;:(?:;ne d Sll))ll::lf:ll l;d
[*] carbon [#%] [3*] carbon [4%] [5%] carbon [6%] [7%] 8]

1073 0,296

1113 0,432 0,308 0,272 0,29 0,272 0,208 0,256

1153 0,32 0,304 0,224 0,2 0,25 0,24 0,152 0,2

1193 0,32 0,272 0,208 0,168 0,224 0,22 0,136 0,264

1233 0,236 0,168 0,136 0,12 0,184 0,192 0,096 0,188

1273 0,24 0,168 0,096 0,08 0,176 0,168 0,076 0,176

An analysis of the results presented in Table 1 shows that the smallest lower ignition limit for tem-

perature is characteristic for grass. Moreover, this happens in the case of ignition of the grass with a
carbon particle. This is because a carbon particle, in contrast to a steel particle, is chemically active.
Heterogeneous chemical oxidation reactions occur on the surface of the carbon particle with the release
of additional heat, which in reality leads to an increase in the real surface temperature of the precipitat-
ing particle on the forest fuel layer.

Table 2. Confidence intervals of ignition delay for different forest fuels subjected to hot particle

TK Pine, steel Pine, Leaf, steel Leaf, Grass, steel Grass, traan:::;ne d Sll:::rcl:ll I;d
[*] carbon [**] [3*] carbon [4%] [5%] carbon [6%] [74] 8+]

1073 0,027

1113 0,174 0,054 0,041 0,08 0,089 0,081 0,097
1153 0,061 0,152 0,083 0,035 0,061 0,035 0,022 0,061
1193 0,093 0,108 0,022 0,022 0,027 0,025 0,027 0,027
1233 0,09 0,065 0,027 0,025 0,027 0,022 0,027 0,048
1273 0,137 0,108 0,021 0,005 0,087 0,022 0,007 0,027

* (Baranovskiy et al., 2015); ** (Baranovskiy and Zakharevich, 2016a); 3* (Zakharevich et al., 2012a); 4* (Zakharevich et al., 2012c);
5% (Baranovskiy and Zakharevich, 2016b); 6* (Baranovskiy and Zakharevich, 2015); 7* (Zakharevich et al., 2012d); 8* (Baranovskiy and
Zakharevich, 2020)

An exception is the case of ignition of needles with a steel particle. In this case, the highest ignition
limit in temperature. This is explained by the developed porous space and the small contact area of the
particle and individual needles. In other cases, the lower limit of ignition in temperature is 1113 K. More-
over, the same lower limit is also characteristic for spruce needles with the inclusion of small branches.
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CONCLUSION

The generalized results of experimental studies on the ignition of typical forest fuels by a metal and non-
metal particle heated to high temperatures are presented. Several types of forest fuel were considered:
pine litter, birch leaves, grass and spruce branches. The smallest lower ignition limit for temperature is
characteristic of grass. Moreover, this happens in the case of ignition of the grass with a carbon particle.
An exception is the case of ignition of needles with a steel particle. In this case, the highest ignition limit
in temperature. In other cases, the lower limit of ignition in temperature is 1113 K. Moreover, the same
lower limit is also characteristic of spruce needles with the inclusion of small branches.
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KEY TERMS AND DEFINITIONS

Anthropogenic Load: Different human activities on forested territories lead to forest fire occurrence
and characterized by presence of fire sources.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion. and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: ground forest fuel (needles, leaves and dry grass, small
branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 10

Physical Modeling of
Forest Fuel Ignition by the
Molten Metal Particles

ABSTRACT

Forestsinthe Siberian region have suffered from frequent and intense forest fires in recent years. Measures
are required to restore damaged and dead forest stands. One option for preserving forest stands from
catastrophic forest fires is prescribed low-intensity burning. The purpose of the study is to study the
ignition mechanism of a layer of forest fuels by crystallizing small-sized metal particles (molten metal
drop). The generation of such droplets is carried out using a standard electric welding machine. The
physical mechanism of forest fuel layer ignition by a group of particles of a rather small size is revealed.
It is proposed to use this mechanism for burning forest fuels in order to preserve coniferous and mixed
stands from intense forest fires.

INTRODUCTION

The Russian Federation has significant territories covered by boreal forests (Baranovskiy and Kuznetsov,
2017)]. In such forests, a proportion of pine and birch is noticeable. It should be noted that the areas
of pine and birch include almost the entire territory of the Russian Federation (Devisilov, 2010). This
allows us to consider Siberian forests as the most typical territories, on the example of which issues of
forest fire danger can be considered. Frequent fires of recent years in the forests of the Siberian region
have led to a significant destruction of the forest fund. The occurrence of fires in the forest is due to a
wide range of natural and man-made causes (Baranovskiy and Kuznetsov, 2017). It must be said that
the anthropogenic load on a number of forested areas is growing in connection with their economic
development. The probability of a forest fire is affected by the type of source of elevated temperature
and the specific ignition mechanism that is realized when the forest fuel is ignited (Babrauskas, 2003).

The literature presents data on experimental and theoretical studies of the ignition of fuels by particles
heated to high temperatures (Hadden et al., 2011). Such particles can be formed both as a result of destruc-
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tion of wood of trees or morphological parts of plants (Tohidi et al., 2015; Manzello et al., 2006), and
as a result of destruction of building wood-glued materials in urban areas (Suzuki and Manzello, 2016).
Moreover, they can have different geometry and shape. It is known that burning particles (firebrands,
coals) are the main mechanism for the spread of forest fires and fires passing to the village (Manzello et
al., 20006). In the case of the natural mechanism of particle formation, they undergo the following path:
a) the formation and separation of the heated particle from a tree or plant; b) the rise (vertical transfer)
of a particle due to the action of a convective column over a fire; ¢) horizontal transport by wind; d)
sedimentation of a particle on a layer of forest fuel and the occurrence of a fire. For particles of natural
origin, a number of models have been developed that describe their trajectory in the surface layer of the
atmosphere (Matvienko et al., 2016; Kortas et al., 2009; Wadhwani et al., 2017). In addition, a number
of properties of such particles (Zakharevich and Zygin, 2016) and the occurrence of fires when they are
exposed to a layer of forest fuel (Baranovskiy and Zakharevich, 2016) were studied. For an experimental
study of such particles, a generator has been developed that allows physical modeling of these processes
(Manzello et al., 2008).

In addition, molten or burning particles can form as a result of collision of wires of high-voltage
power lines with large winds (Hadden et al., 2011; Fernandez-Pello, 2017; Pleasance and Hart, 1977). It
should be noted that the processes of ignition of forest fuels by such heated particles were studied only
in the course of single field studies (Stokes, 1990; Rowntree and Stokes, 1994; Manzello et al., 2006b).

One of the stages of ignition of fuels is their thermal decomposition (pyrolysis). It should be noted
that the problem of gasification of solids is widely described in the literature, for example, in the re-
view (Di Blasi, 1993). The simplest approach to this problem implies that a solid decomposes with the
release of volatile compounds directly at a critical temperature (often denoted by Tp). Accordingly, the
critical temperature is a parameter of the problem. This approach (often called the ablation model) is
mathematically similar to the Stefan problem (Carlslaw and Jaeger, 1984) and its variation with respect
to the melting process is described in the classical Landau article and later implemented in a number
of works. The second approach includes a kinetic mechanism for the decomposition process, which is
usually established as a result of thermogravimetric analysis (Liu and Wang, 2018).

Thus, the analysis of scientific periodicals shows that the formation, transport, and the effect of wood
particles or building materials on forest fuels have been studied quite well. However, only a few works
have been published on the ignition of forest fuel by crystallizing metal particles, which are formed as a
result of the collision of the wires of power lines (Stokes, 1990; Rowntree and Stokes, 1994; Manzello
et al., 2006b). The present work is devoted to the development of an experimental setup and the physi-
cal modeling of the ignition of forest fuel by crystallized metal particles that are formed as a result of
electric welding in urbanized or forested areas.

The purpose of the work is to study the ignition mechanism of a layer of forest fuels by crystallizing
small-sized metal particles (molten metal drop). The purpose of the study can be achieved by solving
the following problems: a) development of an experimental setup for the physical modeling of ignition
of forest fuels by a crystallizing metal particle; b) conducting experiments on the ignition of forest fuel
by a group of crystallizing small metal particles, typical for carrying out electric welding works; c) de-
velopment of recommendations for the design of a model of the mathematical description of the studied
processes and mechanisms.
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STUDY AREA AND METHODOLOGY

The study area is represented by typical forest formations characteristic of many Siberian and Far Eastern
forests (Tomsk Region and Republic of Buryatia). Typical forest fuel material was collected in these ter-
ritories in the fall of 2019. The litter of pine, birch leaves and grass was collected, followed by removal
of foreign inclusions, namely, pine cones, thin branches, small grasses and particles of the cortical layer,
in accordance with the methodology (Ganteaume et al., 2014).

Before conducting semi-natural experiments on ignition, samples of forest fuel were dried in an oven
to completely evaporate moisture (Bulba and Malinovsky, 2015; Grishin and Baranovskiy, 2003). An
electric welding machine typical of technical work was used as a generator of molten metal particles.
The experimental setup is shown in Figure 1. In Figure 1, the numbers indicate: 1 - bed, 2 - concrete
block, 3 - a sample of a layer of forest fuel, 4 - a tripod, 5 - a video camera, 6 - a holder, 7 - a metal bar,
8 - welding machine, 9 - wires, 10 - electrode, 11 - group of dropping out particles.

A layer of forest fuel is laid on the concrete surface, the packing density of which corresponded to the
laying density in the forest. Three types of forest fuel were considered; a) litter of needles, b) birch leaves,
c) grass. Forest fuel is represented by a set of individual needles, partially decomposed and browned,
combined into a layer. The leaves were arranged randomly, forming a porous layer of forest fuel. Blades
of grass were also laid with high porosity. From the standpoint of the reacting media mechanics, the
layer is a highly porous reactive material (Nigmatulin, 1987). A video camera was placed on the line
of a sample of forest fuel, which recorded the process of precipitation of particles of molten metal and
the subsequent ignition of a layer of forest fuel. In the immediate vicinity of the sample was an electric
welding machine. A metal bar was attached over a sample of forest fuel. The contact electrode of the
apparatus acted on this bar.

Figure 1. The experimental setup

. l
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During the experiment, a video was recorded of the generation, deposition of particles, and ignition
of forest fuel by these particles in accordance with the methodology (Zakharevich et al., 2008). A series
of experiments was carried out with identical electrodes and metal rods (iron). As a result of processing
the videograms, the ignition delays for the first and second microflares and the induction period of the
propagation of the combustion front over the layer of forest fuel were established. The average values of
the parameters were determined and confidence intervals were calculated from a series of seven experi-
ments with a confidence probability of P = 0.95. The mistakes of these parameters were rejected as a
result of statistical processing with a reliability of P = 0.95 (Pakshirajan, 2013).

RESULTS AND DISCUSSION

Pine litter. Visual observations were made. Figure 2 presents typical frames of a videogram demonstrat-
ing the process of the impact of a group of crystallizing particles on a layer of forest fuel (pine needles):
a) the initial form of a layer of forest fuel; b) pyrolysis of forest fuel; c) the occurrence of a microflare
of flame; d) the beginning of the spread of the combustion front over the layer of forest fuel.

Figure 2. The stages of ignition in pine litter when exposed to crystallizing particles

One can imagine the physical mechanism of ignition of forest fuel by a group of relatively small
particles (droplets) of molten metal. The initial effect of a single drop of molten metal on a layer of for-
est fuel should be described. Initially, the generation and separation of a heated particle occurs in the
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zone of contact of the electrode with a metal bar. Then, under the influence of gravity, a particle settles
on a layer of forest fuel. It should be noted that the characteristic particle (droplet) size is smaller than
the pores of the forest fuel layer.

The molten particle falls onto a layer of forest fuel, and crystallization of the metal occurs and ad-
ditional energy is released. It should be noted that part of the particles sediments through the highly
porous material onto the substrate, without igniting it. Ignition can only result from particles that come
into contact with the skeleton of a layer of forest fuel consisting of individual needles. As a result of a
phase transition and a higher temperature, the heat flux into the frame in the case of a molten particle
is higher than when exposed to an inertly heated metal particle (Baranovskiy and Zakharevich, 2016).
First, an inert heating of the dry organic matter occurs, of which a layer of forest fuel consists. Then,
the evolution of gaseous pyrolysis products is observed, which, as a result of convective-diffusive mass
transfer, mixes with atmospheric oxygen in the near-wall region of the particle. At certain concentrations
of the reacting components and the temperature of the gas mixture, a layer of forest fuel may ignite.
Individual particles with a probability close to 1 do not lead to ignition of a layer of forest fuel. For the
ignition of a layer of forest fuel to occur, a group effect of small molten particles on the framework of
the forest fuel in a certain local area is necessary. This effect can be simultaneous, or it can be sequential
with a very small interval between the deposition of individual particles.

Leaves of birch. Visual observations were made. Figure 3 presents typical frames of a videogram
that demonstrates the effect of a group of crystallizing particles on a layer of forest fuel (birch leaves):

Figure 3. Stages of ignition in birch leaves when exposed to crystallizing particles
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a) the initial form of a layer of forest fuel; b) pyrolysis of forest fuel; c) the occurrence of a microflare
of flame; d) the beginning of the spread of the combustion front along the layer of forest fuel.

The molten particle also falls onto a layer of forest fuel and crystallizes with the release of additional
energy. In the case of leaves, all particles fall onto the surface of a single leave, but not all lead to its
ignition. Ignition, as a rule, occurs only when a relatively large particle is exposed (3-4 mm in diameter).
A large number of small particles have virtually no effect on birch leaves. It should be noted that in this
case, the heat sink to the birch leaf is quite noticeable. A birch leaf can be considered as a plate. The lack
of ignition is explained by two situations. Firstly, the heat sink from the falling particle is large in the
leave plate and it cools noticeably. The residual heat reserve is not enough to ignite a birch leaf, since a
sufficient amount of gaseous pyrolysis products is not formed and the temperature of the mixture of fuel
and oxidizer is low. On the other hand, relatively large particles can instantly burn a birch leaf without
lingering on the surface of the leaf, and then fall onto the substrate. In this situation, a fresh portion of the
gaseous pyrolysis products does not have time to form and there is no sustainable combustion of fuels.

To summarize, we can formulate three modes of exposure of a crystallizing particle to a layer of
birch leaves:

a) the sedimentation of a relatively large particle on several leaves of birch, which are under each
other. In this situation, the first leave is initially heated and burned out without the formation of a flame,
since the amount of gaseous combustible pyrolysis products is insufficient. Then the particle moves
down and, as the leaves are introduced into the material, a sufficient amount of gaseous combustible
pyrolysis products is formed and mixed with an oxidizing agent (atmospheric oxygen). With sufficient
concentrations of reagents and reaching a critical temperature of the mixture, they are ignited in the gas
phase. Then there is the formation of a source of ignition and its subsequent distribution over a layer of
forest fuel.

b) the second mode is also characterized by the action of a relatively large particle. However, in this
case, the particle falls onto a single leave, which instantly burns out without the formation of a microflare
of flame. The resulting amount of gaseous combustible pyrolysis products is not enough and they are
distributed over a large volume under the influence of diffusion-convective mass transfer. As a result,
fire dangerous concentrations of gaseous combustible pyrolysis products are not formed.

c) the third mode is characteristic for the precipitation of an individual or group of relatively small
particles (1-2 mm in diameter). Such particles do not, as a rule, lead to ignition. The particle falls onto
the surface of a single leave and noticeably loses its temperature as a result of heat removal into the leave
material. The same result is characteristic of several particles, if they fall out in different places of the
leave. Rarely enough is the regime realized when a repeated hit of subsequent or subsequent particles of
relatively small size is observed in the same place with a certain small time interval. In this situation, the
first particle causes an inert heating of the layer and cools. As a result of sedimentation of subsequent
particles, a local increase in temperature occurs and the decomposition of dry organic matter of the leave
occurs. Gaseous combustible pyrolysis products are formed. Under certain conditions, the subsequent
particle ignites the forest fuel in the gas phase. The formation of a stable combustion front, which spreads
over a layer of forest fuel, takes place. The following are quantitative estimates for the ignition of a layer
of birch leaves as a result of the loss of a group of particles formed during electrical welding.

Grass. Visual observations were made. Figure 3 presents typical frames of a videogram demonstrat-
ing the process of the influence of a group of crystallizing particles on a layer of forest fuel (grass): a)
the initial form of a layer of forest fuel; b) pyrolysis of forest fuel; c) the occurrence of a microflare of
flame; d) the beginning of the spread of the combustion front along the layer of forest fuel.
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Table 1. Ignition of birch leaves by the large or group of small particles

Ignition by the relatively large particle 40%
No ignition by the relatively large particle 15%
Ignition by the group of relatively small particles 10%
No ignition by the group of relatively small particles 35%
Total 100%

The ignition of grass rags is similar to the ignition of birch leaves in the sense that particles fall on
the blade of grass and exhibit a similar ignition mechanism. However, in the event of a sustained fire, the
further process is similar to the spread of the flame front along the set of pine needles. It has been found
that in the vast majority of cases, grass rags are subject to ignition. Below are quantitative estimates for
the ignition of grass rags as a result of the loss of a group of particles formed during electrical welding.

Figure 4. Stages of ignition in grass when exposed to crystallizing particles

A quantitative analysis of the results of an experiment on the ignition of forest fuels by a group of
crystallizing metal particles is carried out. The ignition delays and the corresponding confidence inter-
vals are presented in table 3.

Statistical estimates of the average value and confidence intervals of the following parameters were
made: the ignition delay time of forest fuel with the appearance of the first and second microflares, as well
as the beginning of the growth of the burning focus. It should be noted that in some cases, a simultaneous
or sequential formation of up to five microflares of flame was observed in the studied sample of forest
fuel. An analysis of the data shows that an average of 6 seconds is enough for a sustainable fire to appear.
The first microflare appears on average after 6 seconds, and the second after 7-10 seconds. However,
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Table 2. Ignition of grass by the large or group of small particles

Ignition by the relatively large particle 50%
No ignition by the relatively large particle 5%
Ignition by the group of relatively small particles 35%
No ignition by the group of relatively small particles 10%
Total 100%

the confidence intervals for ignition delay for different forest fuels are different. A sufficiently large
spread in the ignition delay in experiments with grass indicates the probabilistic nature of this process.

There is no doubt that the implementation of technological work on forested areas can cause an
anthropogenic fire. This factor must be taken into account in systems for assessing, predicting and
monitoring forest fires, especially in the vicinity of industrial facilities located in forested areas. The
present work shows the possibility of igniting forest fuels by a group of relatively small sources of local
heating. On the other hand, this mechanism can ensure the burning of forest fuels. International experts
recommend such burning out in order to prevent the accumulation of a critical stock of forest fuels in a
controlled forested area. In addition, periodic fires of low intensity contribute to the enrichment of the
surface soil layer in the forest with various substances and microelements necessary for the development
of undergrowth of coniferous stands (Baranovskiy and Kuznetsov, 2017). Such events can ensure the
development of undergrowth and the subsequent growth and restoration of coniferous stands, including
pine formations. It should be noted that coniferous stands are of great value both as suppliers of industrial
timber, and as participants in the global ecological cycle.

One of the practical applications of the results is the development of recommendations for creating
a mathematical model of generation, transport, and the impact of a group of crystallizing particles on
a layer of forest fuel. Such models can be used in new generation forest fire danger prediction systems
(Baranovskiy, 2018). For these purposes, either stochastic approaches (Tohidi and Kaye, 2017) or com-
bined deterministic-probabilistic approaches can be used. Consider the description of the latter option.
A probabilistic approach is used to describe the process of generating individual particles, when the
quantity, size, temperature, and initial motion vector of such particles are set using the pseudorandom
number generator. Then, the motion of each particle until it comes into contact with a layer of forest fuel
is described in the framework of a deterministic mathematical model. Then a group of problems should
be solved on ignition of a layer of forest fuel by a single particle heated to high temperatures, taking
into account the metal crystallization mechanism. In addition to inert heating, in the general case, the
processes of moisture evaporation from the layer and the pyrolysis of dry organic matter based on kinetic
mechanisms should be described. It is sufficient to describe the transport of gaseous pyrolysis products

Table 3. Ignition delay of forest fuels by the molten particles

Forest fuel tign, S Confidential Interval, s
Pine litter 6 +1.97
Birch leaves 5.6 +1.89
Grass 7 +5.87
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in the region above the layer of forest fuel using the diffusion equations, since during the ignition period
the thermal and diffusion relaxation lengths are several orders of magnitude longer than the convective
(Vilyunov, 1984). However, the processes of convective heat and substance transfer using the general
theory of heat and mass transfer (Kuznetsov and Sheremet, 2006) and processes in the gas phase based
on the general mathematical model of forest fires (Grishin, 1997) can be taken into account.

CONCLUSION

Thus, there is no doubt that the implementation of technological work on forested areas can cause an
anthropogenic fire. This factor must be taken into account in systems for assessing, predicting and moni-
toring forest fires, especially in the vicinity of industrial facilities located in forested areas. The present
work shows the possibility of igniting forest fuels by a group of relatively small sources of local heating.
As a practical application, it is proposed to use such an ignition mechanism during the prescribed burn-
ing of forest fuels in order to clean coniferous and mixed stands, including partially damaged ones. It is
known that local damage to the stands lead to their fragmentation and subsequent death.

An experimental setup has been developed to simulate the processes of ignition of forest fuel by
crystallizing metal particles that are formed during electrical welding. In the scientific periodicals no
direct analogues of this installation were found. There are works on the creation of generators of heated
and / or burning particles formed during the destruction of wood or building materials. It should be
noted that in the vicinity of industrial facilities, the use of devices developed on the basis of this method
is safer compared to devices based on liquid or gaseous fuels. The physical mechanism of ignition of
forest fuel during the fallout of a group of relatively small crystallizable particles is revealed, which is
of a probabilistic nature and provides recommendations on the mathematical modeling of the processes
of generation, transport and the impact of such particles on a layer of forest fuel. The results can be used
to verify future mathematical models. In turn, such mathematical models can be used in new generation
forest fire danger prediction systems (Baranovskiy, 2020; CWFIS, 2020; WFAS, 2020; EFFIS, 2020;
ISDM-Rosleskhoz, 2020).
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KEY TERMS AND DEFINITIONS

Anthropogenic Load: Different human activities on forested territories lead to forest fire occurrence
and characterized by presence of fire sources.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion, and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: ground forest fuel (needles, leaves and dry grass, small
branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 11

Physical Modeling of Forest Fuel
Ignition by the Focused Sunlight

ABSTRACT

This chapter discusses the issue of experimental modeling of the forest fuel layer ignition by the focused
solar radiation. The main types of glass containers that can be found in forested areas are considered.
Two experimental facilities are presented for simulating smoldering and ignition of forest fuels under
the influence of focused solar radiation. Samples of forest fuels typical for the Siberian regions (Tomsk
region and Republic of Buryatia) are investigated. Data on the physical mechanism and ignition delay
of forest fuel are presented.

INTRODUCTION

At present, both natural (California Department of Forestry and Fire Protection, 2020; Country Fire
Authority, 2020) and anthropogenic (Devisilov, 2010; Baranovskiy and Kuznetsov, 2017)] causes of
fires in natural landscapes are known. Mathematical models have been developed to describe the igni-
tion of forest fuels under the influence of single heated particles and an electric discharge under thun-
derstorm conditions, as well as deterministic-probabilistic models for taking these factors into account
when predicting a forest fire danger (Baranovskiy, 2017). At the same time, the probability of a forest
fire as a result of the action of focused solar radiation is quite high (Babrauskas, 2003). The capacity of
the energy concentrator can be either containers with liquid or glass fragments, or large resin drops of
coniferous trees. According to fire safety rules, it is forbidden to scatter glass containers in forests, as
these objects can become sources of ignition (Fire Safety Rules, 2007). But so far, the results of theo-
retical or experimental studies have not been published justifying the conditions for the occurrence of
ignitions of forest fuels when exposed to focused solar radiation. Of interest is the experimental study
of the forest fuel ignition by the focused solar radiation.

One can distinguish several ignition modes of combustible materials of plant origin (Babrauskas,
2007), which differ from similar ignition modes of high-energy materials (Kuznetsov et al., 2004a;
2004b) and substances (Kuznetsov and Strizhak, 2009a; 2009b) used in special-purpose power plants.
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The most typical mode of ignition with the formation of a flame in literature is denoted by the term
ignition. According to (Vilyunov, 1984), under such a regime, a leading exothermic chemical reaction
occurring in the gas phase can be distinguished. The second type of ignition is characteristic of materi-
als when they turn into a red-hot state (indicated in literature by the keyword glowing ignition). In this
state, for example, ignition of cellulose-containing materials (wood) by a radiation heat flux can occur
(Babrauskas, 2002). When igniting porous materials, a third ignition mode can be realized, accompanied
by smoldering (in the literature, the term of smoldering ignition corresponds to this type) (Hadden et al.
2011). Both the second and the third ignition modes are characterized by the localization of the lead-
ing exothermic reaction in the structure of the combustible material. For these modes, heterogeneous
reactions are typical, both on the surface and in the interstitial space of the material (Vilyunov, 1984;
Samuilov et al., 2004).

Correspondingly, the material is characterized by a developed pore space (Moskalev and Shitov,
2007) or an initially monolithic structure (then the formation of a porous structure occurs similar to the
mechanisms that are realized in surface layers of heat-protective materials heated to high temperatures
(Kuznetsov and Rudzinskii, 2000; Strakhov et al., 2001). Layers of forest fuels, as a rule, are developed
porous structures in which energy transfer is possible not only due to thermal conductivity, but also due to
radiation and convection (Kuznetsov and Rudzinskii, 2000; Strakhov et al., 2001). A theoretical analysis
of such processes under conditions of time-varying porosity of the heated layer is too complicated a task.
Therefore, it is of interest to experimentally study the ignition regimes of forest fuels as a result of the
action of focused solar radiation.

The purpose of the work is an experimental study of the ignition regimes of forest fuel by the flux
of focused solar radiation in the regime of smoldering and flame ignition.

FIRE SOURCES

Previously, it was proposed to classify all sources of anthropogenic load on linear and point ones (Ba-
ranovskiy, 2018; 2020). Linear sources include objects such as railways, highways, river beds. Different
technological objects and settlements located on a forested area can be classified as point ones. It should
be noted that in the present work, it was proposed to study only linear sources of anthropogenic load,
since settlements and technological objects are original points of various linear sources. Studies were
conducted in various places of the Timiryazevskiy forestry of Tomsk region (The project..., 1990).

Source 1. Railway. A section of the forested area on the distance from Tomsk to Predtechensk was
investigated. Field observations were conducted between two settlements: settlement of geologists (data
for georeferencing N56°25°802 and E85°01°329) and the village Prostorniy (N56°25°263 and E85°01°277).
It should be noted that the data of GPS-navigators were used to estimate the coordinates of control
points for field observations (Weilin et al., 2000). It is necessary to briefly describe the forest growing
conditions in this area — the forest is mainly birch, age 50-60 years, deciduous trees litter predominate
in the ground cover (Panevin, 2006).

Source 2. Riverbed. The left bank of the Tom River was explored in the vicinity of the village of
Takhtamyshevo (georeferencing data N56°22°119 and E84°52°929). Field studies were carried out both
on the shore and in the coastal strip of the forest. The flora of the coast is represented by various types
of grassy vegetation (dry and yellowed in the autumn and spring). In the coastal forest, among the tree
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plantations, the vast majority are represented by pines aged 60—80 years, and pine coniferous litter pre-
dominates in the ground cover (Panevin, 2006).

Source 3. Highway. A section of the forest along the highway was investigated from the Tomsk to
Novosibirsk to the village Kislovka (georeferencing data for control point N56°24°173 and E84°52°792).
The forest stand is represented by pine plantations at the age of 50 - 80 years old; in the ground cover,
pine coniferous needles are prevailing (Panevin, 2006). In the vicinity of localization of anthropogenic
load, burns were recorded after passing the front of a surface forest fire (almost all the trees in this forest
area have charred bark at a height of one and a half meters, Fig. 1).

The following technique is proposed. In the vicinity of the reference points of each typical linear
object, a forest-covered area is examined for the presence of solar radiation concentrators (glass contain-
ers and their fragments). It should be noted right away that during the study of the territory, a negligible
number of solar energy concentrators, represented by fragments of glass containers (less than 1%), was
revealed. Therefore, these data are excluded from the analysis. Survey routes were laid perpendicular
to a linear source of anthropogenic load. Data for all routes (the number of glass objects) were sum-
marized and the arithmetic average for all routes was determined. The location on the route and the
color of the glass solar energy concentrator were recorded, since fire danger is most likely represented
by transparent, colorless glass containers (Landsberg, 1976). Then, the share of each type of containers
in their total number was calculated. This value can be used to assess the probability of a solar energy
concentrator in a forested area:

Eon :_tr’ (1)

where P_is the probability of having a solar energy concentrator, N, is the number of colorless glass
containers, N, is the total number of glass containers of all colors. Moreover, the sum of glass contain-
ers of all colors is equal to N, since the color of the bottle is an incompatible event from the standpoint
of probability theory.

In the case of a superposition of two sources of anthropogenic load in a controlled area, the probability
addition theorem should be used, moreover, for joint events (Pakshirajan, 2013). According to probability
theory, the formula for assessing the total effect of two sources of anthropogenic load will take the form:

P =P(S)+ P(S) - P(S,S,), 2)

where S is the first linear source, S, is the second linear source, and S,S, is the product of events.

In principle, the case of the impact of three linear sources of anthropogenic load on the forested area
is also possible. Then, the calculation of the probability of the presence of a solar energy concentrator
will also be determined by the theorem on the addition of probabilities, but for three joint events (Pak-
shirajan, 2013).

As mentioned above, in the forest along the highway to the village. Kislovka recorded burns formed
after surface forest fires in the vicinity of the accumulation of localization of solar energy concentrators.
At present, forest fire registration books do not include such a factor of occurrence of forest fuel ignition
as the effect of focused solar radiation. The analysis of statistical data allows us to conclude that such
fires are most likely classified in the statistics as the “unknown cause”. In this regard, it is necessary to
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Figure 1. Photo of burning after passing the front of the surface forest fire
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develop new systems for classifying and assessing the causes of forest fires in controlled forested areas.
And also to develop new methods of fire-technical examination of the centers of forest fires.

The results of a quantitative analysis of typical forested areas for the presence of solar energy con-
centrators are presented in Fig. 2. As a result of field observations, glass containers of three colors were
recorded: transparent (colorless), green, and brown (Fig. 3). It must be assumed that fire incidents with
colorless containers should lead to fires. Nevertheless, the results of assessing the probability of presence
and colored glass containers are presented.

In the scientific literature to date, there have been virtually no studies on the occurrence of forest
fires as a result of exposure to focused solar radiation. However, the data on the amplification factor of
natural solar radiation for various glass objects are presented in (Babrauskas, 2003). So for glass bottles
this value lies in the range from 12 to 22 times (in moderate latitudes, taking into account the attenua-
tion of radiation by the Earth’s atmosphere, the amount of natural solar radiation flux is about 1 kW/m?
[6]). At the same time, it was previously theoretically shown that when the heat flux of focused solar
radiation is 15 kW/m? or more, ignition of a forest fuel layer is possible. As a result, it can be stated that
the presence of solar energy concentrators represents a real fire danger for forests.
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Separately, it should be noted that large drops of resin were observed on conifers over the age of 100
years. However, in this article, this question is excluded from consideration, since additional studies are
required on the effect of such objects on the concentration of solar energy.

Figure 2. The results of a quantitative assessment of solar energy concentrators at various control
points: a) along the railway near the village Prostorniy, b) along the railway near the village settlement
of geologist, c) along the Tom River, d) along the highway to the village Kislovka
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Thus, this article presents the generalized results of field studies of typical territories of the Timiry-
azevskiy forestry for the presence of solar energy concentrators. Three types of linear sources of anthro-
pogenic load are considered: a railway, a river, and a highway. The probability values of the presence of
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Figure 3. Photographs of typical solar energy concentrators: a) in deciduous litter; b) in a grass; c) in
coniferous litter

a solar radiation concentrator are obtained using the provisions of probability theory. The results will
be used to develop thematic layers and algorithms in the geographic information system for assessing
forest fire danger due to the action of focused solar radiation.

SMOLDERING CAUSED BY FOCUSED SUNLIGHT

For the experiments, an experimental setup was made, the circuit diagram of which is shown in Fig. 4.
The installation elements are mounted on a bed 1. A tripod 2 provides mounting of the manipulator 3
with an optical lens 4. Using the manipulator 3, the lens 4 focuses the solar radiation on the sample 7,
fixed by a tripod 6 and holder 5. The manipulator 3 allows you to receive spots of focused solar radia-
tion of various sizes and, accordingly different intensities (lenses, as a rule, form a radiant heat flux of
about 10* W/m?). A system consisting of a holder 5, a tube 8 and a suction device 9 mounted on a tripod
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10 is designed to purge air through a porous heated layer of forest combustible material. To record the
dynamics of forest fuel ignition during the experiment, a video recording of the processes in the surface
layer of a sample of forest fuel was carried out .

At various times of the solar period of the day, a series of 5—7 experiments was carried out to deter-
mine the t,_, of the process of forest fuel ignition. Under the induction period t, , in the analysis of the
ignition process in the smoldering mode, the time was taken sufficient for the further propagation of
combustion in the smoldering mode along a sample of forest fuel without further supplying the energy
of focused solar radiation. The averaged t._, values and standard deviations were calculated. Then con-
fidence intervals were determined with a confidence probability of P=0.95 (Pakshirajan, 2013).

Figure 4. Schematic diagram of the experimental setup: 1 is the bed, 2 is the tripod No. 1, 3 is the ma-
nipulator, 4 is the optical lens, 5 is the sample holder of forest fuel, 6 is the tripod No. 2, 7 is the sample
of forest fuel, 8 is the air purge tube, 9 is the suction device, 10 is the suction tripod

4

/3

/6/2

10 \1

The object of the study was a sample of vegetable combustible material in the form of a cylinder. As
such samples, crushed forest fuel was used. This allowed us to simulate forest fuel samples of various
diameters. Cylinder briquettes of the following sizes were used:

thickness 10 cm, diameter 5 mm;
thickness 8.5 cm, diameter 7 mm;
thickness 6 cm, diameter 8 mm;
thickness 9.5 cm, diameter 12 mm.

b

155

EBSCChost - printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Physical Modeling of Forest Fuel Ignition by the Focused Sunlight

Figure 5. Typical video footage of the ignition process in smoldering mode: a) t=0 s is the initial view of
the sample; b) t=2 s is the inert heating by focused solar radiation; c) t=10 s is the formation of gaseous
pyrolysis products (thermal decomposition of the material); d) t=12 s is the transition of the process into
smoldering mode; e) t=15 s is the formation of smoldering focus; f) t=17 s is the formation of a focus
of decay along the entire surface of the sample; g) t=19 s is the formation of a smoldering wave during
air filtration through a sample (smoldering combustion)

Samples of forest fuel were preliminarily aged in an oven to exclude the possibility of their moisture
saturation during storage in unforeseen conditions. A graduation was applied on the outside of the sample
with a division value of 1 mm to track the depth of thermal decomposition of the forest fuel during air
filtration through the sample.

The physical mechanism of the decay of forest fuel is established. The initial short stage is the inert
heating of a sample of forest fuel under the action of focused solar radiation, concentrated by an optical
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biconvex lens with a diameter of 10 cm (the size of the focused spot of exposure is 2 mm). Then, in the
central region of the forest fuel sample, thermal decomposition of the material began. The center of
pyrolysis increases in size under the influence of air currents. Over time, the center of thermal decom-
position goes into smoldering mode. After this moment, the smoldering process proceeds in the porous
layer in the absence of exposure to a focused flux of solar radiation. After the formation of a focus of
smoldering, comparable in size to the diameter of the sample of forest fuel, air was pumped through the
sample at the facility (Fig. 1). Intensive blowing of an oxidizing agent into a heated region in a layer

Figure 6. 1, ,of smoldering on the time of day. Samples: a) 10 cm thick and 5 mm in diameter; b) 8.5 cm
thick and 7 mm in diameter; c¢) 6 cm thick and 8 mm in diameter; d) 9.5 cm thick and 12 mm in diam-
eter. In the figure, the numbers indicate: 1 is the average values of the induction period with confidence

intervals, 2 is the approximating straight line
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of forest fuel was simulated. The result of air filtration was the burning of a sample of forest fuel to a
certain depth (smoldering combustion). Typical video frames of the process are presented in Fig. 5.

Figures 6.a - 6.d show the dependences of the induction period of the smoldering process on various
weights of forest fuel on the time of day. The studies were carried out in the period from 13-00 to 17-00
hours of daytime. Common to all samples is the fact that the induction period decreased over time. Ac-
cording to meteorological information, during this period the ambient temperature grew from 25°C to
31°C. It has been established that the ambient temperature affects the smoldering processes of forest fuel.

An analysis of the results shows that the dependence of t, , on the time of day can be described by a
linear function. It should be noted that there is an analogy between the smoldering process of forest fuel
and the ignition of forest fuel by the particle heated up to high temperatures (Baranovskiy and Zakharev-
ich, 2016; 2018). As a result of the action of focused solar radiation by a biconvex lens, a burning out
occurs in the layer of forest fuel, which can go into flame combustion or initiate ignition in the gas phase
(Alpert et al., 2010; Bukhtoyarov et al., 2008). It can be concluded that the fire danger of focused solar
radiation on a layer of forest fuel is a real fire danger.

An experimental study of the decay regime of forest fuel as a result of the action of focused solar
radiation is presented. It is established that under the influence of a radiant heat flux focused by a lens
with a twofold magnification, under certain conditions a foci of formation are formed. The heating region
with a diameter of the order of 2.5 mm is characterized by a smoldering regime. When air is pumped
through a sample of forest fuel, a stable combustion wave in a flameless mode (smoldering combustion)
is formed.

IGNITION CAUSED BY FOCUSED SUNLIGHT

It is known (Magomedov, 1996), that the value of the solar constant used in solar technology q=1353
W/m? + 1.5%. Recently, publications have appeared that indicate a more accurate value q = 1373 W/m?
(Magomedov, 1996). Since the distance between the Earth and the Sun undergoes seasonal changes, the
intensity of solar radiation incident on a single area also does not remain constant. It is known that almost
all the energy emitted by the Sun falls on a narrow wavelength range in the visible and near infrared
(in the range of 0.24—4 pm, 98% of the radiation energy is contained) (Magomedov, 1996). Part of the
solar radiation is scattered in the atmosphere (Kabanov, 1997). In temperate latitudes, the heat flux of
this radiation up to 1 kW/m? affects the Earth’s surface (Babrauskas, 2003).

In the experiments, a concave-convex glass lens [25] with a diameter of 11 cm with a focused spot
size of 3-3.5 mm in diameter was used. Experimental measurements of the heat flux of focused solar
radiation concentrated by the specified lens were carried out. The measurement procedure is based on
the optical method of determining the surface temperature T, of a reference metal cylinder isolated on
the lateral surface with characteristic dimensions comparable to the size of the lens exposure spot. Using
an optical pyrometer, the surface temperature of this cylinder was measured in the absence of exposure
to focused solar radiation, the value of which was subsequently used to set the initial conditions in the
calculation process. At subsequent times, the flux of solar radiation focused by the lens acted on the
surface of the metal cylinder. At the same time, the optical pyrometer recorded a change in time of its
surface temperature. A typical dependence of the surface temperature on the heating time is shown in
Fig. 7. After a series of measurements and averaging, the problem of thermal conductivity in a steel
cylinder with boundary conditions of the second kind on a horizontal heated surface was solved.
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Thermal Conductivity Equation:

0T A0 or), 0T
P 0t r or

= r— .
or 07

Thermal insulation conditions are set on the lateral and end boundaries of the cylinder. On the heat-
ing surface by solar radiation, a condition of the second kind:

oT
A=
8z qSTI'H,

As aresult of the calculation cycle, in order to compare the conditions under which the best values of
the calculated and measured T, are achieved, it was found that the heat flux (q_ ) of the solar radiation
focused by the lens, which affects the heating surface of the reference cylinder, is 17780+1293.5 W/m?.

The confidence interval for determining q was calculated with a confidence probability of P=0.95
(Pakshirajan, 2013).

Figure 7. Time dependence of the surface temperature of a reference steel cylinder: 1 - experimentally
determined values; 2 - calculated curve at q ,=17780 W/m?

40 -
39 4

38

37

>c:as-_
F 35
34 -
33 -

32

31 T d T " T T T T T

159

printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Physical Modeling of Forest Fuel Ignition by the Focused Sunlight

The object of the study was a sample of forest fuel formed from pine needles. The experiments were
carried out with brown needles, partially decomposed, previously well dried. The dimensions of indi-
vidual needles were 7-8 cm in the longitudinal and 0.7-1.2 mm in the transverse direction. Stacking
density corresponded to stacking density in a real forest (Grishin et al., 2002). The ignition was initiated
by solar radiation focused by a concave-convex lens with a diameter of 11 cm (glass, transparent). The
size of the exposure spot is 3-3.5 mm in diameter.

Meteorological conditions on the days of the experiments:

10 June (time from 12-00 to 13-00), clear weather without clouds, air temperature 32°C, wind speed
v=4 m/s, east wind, pressure 745 mm.

11 June (time from 12-00 to 14-00), clear weather without clouds, air temperature 29 — 32°C, wind speed
v=>5 m/s, east wind, pressure 743 mm.

Table 1. Typical results of experiments on ignition of pine needles

Time T,,C Win;injpeed, Inert heating, s Ignition Spread o P A
S Modes 1,2,3 Mode 3

12-00 32 1 5 No No
12-25 32 4 5 Yes Yes 0,066 1,0
12-45 32 2 6 No No
12-00 29 2 6,5 No No
12-15 29 1 6 No No
12-30 30 0 6 No No 0,667 1,0
12-40 30 5 55 Yes Yes
12-56 31 4 55 Yes Yes
13-10 31 0 6 No No
13-15 31 3,5 55 Yes Yes
13-25 32 4 5 Yes Yes 0,700 1,0
13-35 32 1 6 No No
13-50 32 5 5 Yes Yes

Table 1 presents the characteristic (typical) results of experiments on the ignition of pine needles.

It was established from the process video that the first short-lived stage is the inert heating of a layer
of forest fuels. Then follows the pyrolysis stage of the needles. A necessary condition for ignition is the
formation of a thermal decomposition zone on the heating surface of at least 1 cm in diameter. At a wind
speed of less than 1 m/s of forest fuels in the impact area and in a small neighborhood around the spot
of focused solar radiation, it thermally decomposes in flameless mode (heterogeneous oxidation reac-
tions of coke occur, gaseous pyrolysis products diffuse into the gas phase region and are carried away
by convective flows). In the event of a gust of wind (and, as a result, of intense blowing of the oxidizing
agent into the region heated to high temperatures), ignition in the gas phase is possible with the forma-
tion of a flame microflare. Over time, the flame torch grows and the flame spreads steadily over a layer
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of forest fuel. The ignition process is random in nature at low wind speeds and strongly depends on the
influx of oxidizing agent as a result of the influence of wind on the pyrolysis focus of forest fuel (forced
convection of air masses). Typical frames of the ignition process are presented in Fig. 8.

All experimental results can be divided into three groups: a) in the wind at a speed of up to 3 m/s; b)
meteorological conditions, which are characterized by the presence of wind at a speed of 3 m/s to 4 m/s;
c¢) wind speed of 4 m/s or more. In the first case, there is the formation of a smoldering center, which
over time ceases to increase in size and fades. The second and third regimes are also characterized by
an increase in the focus of decay over time. The ignition process at a wind speed of more than 4 m/s is
stable. In the range of variation of v from 3 to 4 m/s, ignition is possible, but the process is random. This
mode is transient. Under conditions of intense forced convection, an oxidant inflows to the pyrolysis
surface and transitions to the gas-phase ignition mode. To achieve ignition conditions, a smoldering
lesion of at least 1 cm in diameter must be formed. With smaller sizes of the center of smoldering fires
are not obtained.

Figure 8. Typical video footage of the forest fuel ignition (pine needles layer) with focused solar ra-
diation: a) t=0 s is the initial form of the layer, b) t=7 s is the thermal decomposition, c) t=30 s is the
formation of the smoldering focus, d) t=40 s is the increase in the size of the focus of decay, e) t=1 min
15 s is the ignition in the gas phase, f) t=1 min 23 s is the formation of a stable flame, g) t=1 min 30 s
is the spread of combustion front on layer

g)
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Based on the obtained experimental data, the following conclusion can be made. In blown forests or
in clearings free of trees, the danger of fires due to the action of focused solar radiation in conditions
of even moderate wind has a probability of ignition close to 1. The profile of wind speed in the forest
is logarithmic (Grishin, 1997) and, accordingly, at an elevation it will be significant compared to the
underlying surface. As a result, the action of sources focusing solar radiation on hills is a more danger-
ous factor. The difference in the probability of ignition of pine needles located at the level of the earth’s
surface and at a height of 25 cm can reach 10 times the magnitude. The microrelief features of the area
are also a factor in forest fire danger under the action of focused solar radiation.

A comparative analysis of the results of the forest fuel ignition by focused solar radiation and radi-
ant heat flux from a radiation panel (Grishin et al., 2002) shows that in the latter case, ignition occurs
at significantly higher heat fluxes. Therefore, experiments with a radiation panel do not correspond to
the real mechanism of ignition of forest combustible materials by focused solar radiation. Probably, the
emission spectrum and wavelength are important in these processes. In the future, it is advisable to build
generalized mathematical models that take into account the spectral composition of radiation.

An analysis of the results of experimental studies also shows that the mechanism of forest fuel igni-
tion by solar radiation is significantly different from the mechanism of forest fuel ignition and other
condensed (liquid and solid) substances ignition by a local heating source (e.g., single particle). When a
solar energy source is exposed to forest fuel, the supply of an oxidizing agent (due to convection) to the
zone heated to significantly lower temperatures plays a much larger role compared to the ignition condi-
tions of condensed substances by single “hot” particles. Under these conditions, it is possible to analyze
the ignition processes using a natural and mixed convection models (Kuznetsov and Sheremet, 2006a;
2006b; 2008), developed for a mode of sufficiently moderate gas velocities at elevated temperatures.

CONCLUSION

The generalized results of field studies of typical territories of the Timiryazevskiy forestry for the pres-
ence of solar energy concentrators are presented. Three types of linear sources of anthropogenic load are
considered: a railway, a river, and a highway. The probability values of the presence of a solar radiation
concentrator are obtained using the provisions of probability theory. The results will be used to develop
thematic layers and algorithms in geographic information systems for assessing forest fire danger due
to the action of focused solar radiation for Tomsk region and Republic of Buryatia (Baranovskiy, 2019;
Yankovich et al., 2019). An experimental study of the decay regime of forest fuel as a result of the action
of focused solar radiation is presented. It is established that under the influence of a radiant heat flux
focused by a lens with a twofold magnification, under certain conditions a foci of formation are formed.
The heating region with a diameter of the order of 2.5 mm is characterized by a smoldering regime.
When air is pumped through a sample of forest fuel, a stable combustion wave in a flameless mode
(smoldering combustion) is formed. An analysis of the results of experimental studies also shows that the
mechanism of forest fuel ignition by the solar radiation is significantly different from the mechanism of
forest fuel ignition and other condensed (liquid and solid) substances ignition by a local heating source
like single hot particle.
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KEY TERMS AND DEFINITIONS

Anthropogenic Load: Different human activities on forested territories lead to forest fire occurrence
and characterized by presence of fire sources.

Focused Sunlight: Sunlight concentrated by natural or artificial lens.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion, and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: ground forest fuel (needles, leaves and dry grass, small
branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.

Smoldering: Smoldering isignition without flame characterized by heterogeneous chemical reactions.

166

printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

167

Chapter 12

Mathematical Modeling
of Forest Fuel Ignition by
the Heated Up to High
Temperatures Particle

ABSTRACT

This chapter provides information on the physical and mathematical models of forest fuel layer ignition
by the metal or non-metal particle heated up to high temperatures. Mathematically, the forest fuel layer
ignition is described by a system of equations of heat conduction and diffusion with the corresponding
initial and boundary conditions. Scenario modeling of forest fuel layer ignition was carried out in the
temperature range characteristic to the occurrence of forest fires. A scenario of a catastrophic forest fire
danger is considered when there is no moisture in the forest fuel layer.

INTRODUCTION

Forest fires in the last decade are increasingly occurring (Brushlinsky et al., 2019). The burnt area is also
increasing. All the causes of forest fires can be divided into natural and man-made (Baranovskiy, 2020a).
A natural cause is usually understood as thunderstorm activity. The generalized mechanism of forest fire
from a thunderstorm suggests the occurrence of secondary ignition sources. These are particles formed
as a result of thermal destruction and mechanical damage of a tree trunk after an impact of a cloud-
to-ground lightning discharge. Such particles can fall onto a layer of forest fuel near a tree and cause a
fire. Analysis of the generalized mechanism of forest fire from anthropogenic causes also shows that
particles heated to high temperatures are one of the common sources of ignition. For example, carbon
particles are formed by cracking firewood in unburnt fires. Metal particles can form during cutting and
welding of metals in forested areas.

To date, various approaches to the assessment of forest fire danger have been developed, both on
the basis of soft calculations, and using probabilistic and deterministic mathematical models (Al Janabi
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et al., 2017; Grishin and Filkov, 2011). It must be assumed that the most promising approach is the
deterministic-probabilistic approach.

It should be noted that the existing forest fire danger prediction systems (CWFIS, 2020; EFFIS, 2020;
WFAS, 2020; Podolskaya et al., 2011) do not take into account the sedimentation of particles heated up
to high temperatures onto a layer of forest fuel. First, it is necessary to determine which scenario of forest
fire danger is most likely (Baranovskiy, 2007). The second step is to carry out a numerical simulation
of the process of forest fuel layer ignition by the particle heated up to high temperatures under certain
meteorological conditions.

The purpose of the work is a mathematical simulation of forest fuel layer ignition by the heated up
to high temperatures metal and non-metal particle.

PHYSICAL MODEL

The following physical model is considered. On the underlying surface is a forest fuel layer, on which a
particle falls, heated to high temperatures. The forest fuel layer is heated and thermally decomposed with
the release of gaseous pyrolysis products (for example, CO), which diffuse into the air containing the
oxidizing agent (oxygen) and inert components. In the gas phase, at certain temperatures and concentra-
tions of the reacting gases, the oxidation reaction of gaseous combustible pyrolysis products proceeds and
gas-phase ignition of the oxidizer-fuel mixture occurs. In a one-dimensional formulation, it is assumed
that the gaseous pyrolysis products instantly appear above the particle, where they mix and ignite at a
certain temperature and concentration of reagents. When considering the problem in two-dimensional
and three-dimensional formulations, the pyrolysis products diffuse into the region of the gas phase on
the sides of the particle, where they are mixed with an oxidizing agent. Ignition criteria: 1) the heat input
from the chemical reaction exceeds the heat input from the heated particle; 2) the temperature in the gas
mixture reaches a certain critical value.

The main assumptions adopted in the formulation of the problem: 1) A particle heated to high tempera-
tures is modeled by a plate of finite thickness (one-dimensional formulation), a square (two-dimensional
formulation), and a cube (three-dimensional formulation). 2) Carbon particles are considered (this op-
tion corresponds to the scenario of the occurrence of massive forest fires as a result of the transfer and
release of charred hot twigs and forest fuel residues onto the forest fuel layer untouched by the fire) and
steel particles are considered (this variant corresponds to the scenario of an anthropogenic fire source,
for example, electric welding). 3) The gas mixture is taken as a three-component, containing an oxidiz-
ing agent (oxygen), combustible components (gaseous products of pyrolysis - carbon monoxide) and
inert components (nitrogen, carbon dioxide). 4) It is believed that there is no moisture in the forest fuel
(the assumption corresponds to a scenario of catastrophic fire danger quite typical for many territories).

Designations: where T, p, ¢, 4 are the temperature, density, heat capacity, thermal conductivity (1
is the air, 2 is the particle, 3 is the forest fuel layer); C, M, are the concentration and molar mass (4 is the
oxidizing agent, 5 is the combustible gas, 6 is the inert components of air); q, 1s the thermal effect of the
pyrolysis of forest fuel; k, is the pre-exponent of the forest fuel pyrolysis reaction; E| is the activation
energy of the forest fuel pyrolysis reaction; R is the universal gas constant; ¢ is the volume fraction of
dry organic matter of forest fuel; ¢, is the thermal effect of the oxidation reaction of carbon monoxide;
v, is the fraction of heat absorbed by the forest fuel layer; R, is the mass rate of the oxidation reaction
of carbon monoxide; a, is the heat transfer coefficient; a, is the heat transfer coefficient; k; is the pre-
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exponent of the oxidation reaction of carbon monoxide; E; is the activation energy of the oxidation
reaction of carbon monoxide; D is the diffusion coefficient, Y, is the mass flow of combustible pyrolysis
products, x, are the auxiliary variables; x,y,z are the spatial variables. ¢ is the time. The indices es, €a, n
correspond to environmental parameters in the soil, air, and at the initial time.

For a numerical study of the problem of igniting an forest fuel layer with a single particle heated up to
high temperatures, the following initial data were used: p,=0.1 kg/m*; p,=1500 kg/m’ (carbon); p,=7900
kg/m3(steel); p,=500 kg/m*; ¢,=1200 J/(kgxK); ¢,=1150 J/(kgxK) (carbon); c,=460 J/(kgxK) (steel);
¢,=1400J/(kgxK); 4,=0.1 W/(mxK); 4,=1.5 W/(mxK) (carbon); 1,=71 W/(mxK) (steel); 1,=0.102 W/
(mxK); g,=1000 J/kg; k,=3.63x10%; E /R=9400 K; ¢, =1; ¢, =107 J/kg; k. =3x10" s'; E/R=11500 K;
v,=0.3; a,=80 W/(m*’xK); a,=20 W/(m*xK);D=10°; M =0.032; M =0.028; M, =0.028.

1D MATHEMATICAL MODEL

Geometrically, the problem is posed as follows - a three-layer plate is considered: 1 is the gas mixture,
2 is the particle heated up to high temperatures, 3 is the forest fuel layer. The scheme of the solution
domain is presented in Fig. 1. The boundary conditions of the fourth kind are set at the interfaces of the
layers B1, B2.

The mathematical formulation of the problem of gas-phase forest fuel layer ignition is developed. The
system of non-stationary differential equations of heat conduction and diffusion for the “gas mixture-
particle-forest fuel” system (Fig. 1), corresponding to the formulated physical model, has the following
form:

The energy equation for the forest fuel layer:

or,

C,——— =
p336! A

o°T,
ox*

El
+q, k- ps @ -exp —=r | (1)

3

The energy equation for a carbon (or steel) particle:

o7, o°T,
¢ =r=), =2, 2)
P16, o 2 52
The energy equation for a gas mixture:
oT, o'T
plcla_;:%gzl"‘%(l_vs)'RS' 3)
The boundary conditions for equations (1) - (3):
T
=0, o, (T-T) =4 2L, @)
ox
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Figure 1. Initial temperature distribution in the “Gas mixture-particle-forest fuel” system
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oT.
x=L o,(T-T,) =1, a—; (4.4)

The initial conditions for equations (1) - (3):
t=0, T,=300K, T,=300K, T,=900K (5)

The kinetic equation and initial condition:

170

EBSCChost - printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Mathematical Modeling of Forest Fuel Ignition by the Heated Up to High Temperatures Particle

o E
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The diffusion equation for an oxidizing agent:

0C, _ n0°C, M,

T4 R 7
ot ' M, @

The boundary and initial conditions for equation (7):

x=0, pDaa%zo, 8.1)
x=T, pDaﬁ% -0, 8.2)
=0, C,=0.3 8.3)

The diffusion equation for gaseous combustible pyrolysis products:

% =D82C5
Ot ox?

R, ©)

The boundary and initial conditions for equation (9):

ac,

x=0, pD—>=0, (10.1)
ox
oC
x=I, pD—=Y, (10.2)
X
=0, C.=0.0 (10.3)
The mass balance equation:
Cy, =1-C,, ~Cep. (11)
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The expression for the mass reaction rate R, (Grishin and Shipulina, 2002):

E j x%x,,x, > 0,05
: (12)

R, =k,M.T7% exp( 2

RT ) |xx,,x,<0,05

X = (13)

1

Ml

§ \9 o

E

This section presents the results of mathematical modeling of forest fuel layer ignition. In the general
case, the temperature of hot carbon or steel particles can vary in the range from 330 K to 1800 K. Rela-
tively low values of the initial particle temperature were considered, which are of the greatest interest
for practice. It is assumed that at the initial time, the particle has a temperature from 900 K to 1200 K.
Figure 2 shows the temperature distribution of the “Gas mixture-particle-forest fuel” system at various
times before ignition. Ignition occurs when the heat transfer from the oxidation reaction of gaseous py-
rolysis products exceeds the heat transfer from the hot particle. Tab. 1 shows ignition delay for various
temperatures of a carbon particle.

The lower limit of ignition is a particle temperature of 900 K. At temperatures below 900 K, ignition
does not occur. The selected temperature range in which the ignition of dry forest fuel layer is possible
corresponds to the actual temperatures achieved in practically significant fire danger situations. Such,
for example, include the blowing of extinguished fires by the wind and the expansion of individual
particles of unburned wood (coal) at a distance of 1-3 m from an open fire source. The presence of the
temperature limit value at which forest fuel layer is still ignited is in this case not only due to the kinetics
of the processes of thermal decomposition and gas-phase ignition of the mixture of fuel and oxidizer.
An important factor is also that the particle, unlike a massive heated body (Vilyunov, 1984), has a finite
heat reserve.

Figure 2 shows the ignition delay for various temperatures of a steel particle.

The lower ignition limit is a particle temperature of 900 K.

A parametric analysis of the influence of the main parameters on the ignition delay of the forest fuel
layer is carried out. The density of the forest fuel layer varied between 400 - 700 kg/m3. An analysis of
the results showed that an increase in such a parameter as the density of the forest fuel leads to an increase
in the ignition delay. The thermal conductivity of the forest fuel layer varied within 1.4-1.8 W/(m'K).
An increase in the thermal conductivity leads to a decrease in the ignition delay. The heat capacity of the
forest fuel layer varied in the range of 1300 - 1600 J/(kg'K). It was found that a change in this parameter
does not significantly affect the ignition delay of the forest fuel layer. In general, parametric analysis
allows us to conclude that the mathematical model responds adequately to changes in input parameters.

Analysis of the temperature distribution in the “Gas mixture-particle-forest fuel” system allows us
to conclude that ignition occurs in the gas phase in the immediate vicinity of the particle surface. In this
zone, where gaseous pyrolysis products are injected, the concentration of carbon monoxide is maximal
and close to 1 (Fig. 3). The concentration of the oxidizing agent (oxygen) as it approaches the surface
of the particle decreases due to the injection of gaseous pyrolysis products, as well as the consumption
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Figure 2. Temperature of the “Gas mixture-particle-forest fuel” system until the forest fuel layer is ignited
(carbon particle), the initial particle temperature is 900 K, t=2.63 s
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Table 1. Ignition delay for a carbon particle

Particle Temperature, K Ignition Delay, s
900 2.63
1000 0.46
1100 0.19
1200 0.099

Table 2. Ignition delay for a steel particle

Particle Temperature, K Ignition Delay, s
900 0.3
1000 0.07
1100 0.05
1200 0.02
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of the oxidizing agent for the oxidation reaction of carbon monoxide (Fig. 4). The concentration of inert
components adequately changes with changing concentrations of carbon monoxide and oxidizing agent.
The certain maximum concentration of the inert component can be distinguished in the ignition region
in the gas phase due to the influx of carbon dioxide from the oxidation reaction of gaseous pyrolysis
products (Fig. 5). The distinguished regularities are similar for both carbon and steel particles. The
differences are that heating and all other processes in the case of a steel particle occur faster due to the
greater thermal conductivity of the steel.

Figure 3. Distribution of the oxidizing agent in the gas mixture behind the particle, the initial particle
temperature of 900 K
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The effect of the particle thickness on the ignition delay of the forest fuel layer is considered. As an
analysis of the results showed, a change in this parameter does not significantly affect the ignition delay.
This difference is about several 0.1 percents.
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Figure 4. Distribution of combustible gas in the gas mixture behind the particle, the initial particle
temperature of 900 K
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2D MATHEMATICAL MODEL

Fig. 6 shows the geometry of the solution domain. Symbols G indicate the boundaries of the solution
region and various layers.

The process of forest fuel layer ignition by the particle heated up to high temperatures is described by
a system of two-dimensional non-stationary nonlinear equations of heat conduction and diffusion with
the corresponding initial and boundary conditions. For numerical implementation, the finite-difference
method is used. Two-dimensional and three-dimensional difference equations are solved by the locally
one-dimensional method (Samarskiy, 1983). Difference analogues of the one-dimensional heat conduc-
tion and diffusion equations are solved by the marching method in combination with the simple iteration
method (Samarskiy and Vabishchevich, 2001). The algorithm of the program was tested on various less
complicated problems compared with the solved heat and mass transfer.

The energy equation for a gas mixture:
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Figure 5. Distribution of inert components in the gas mixture behind the particle, the initial particle
temperature of 900 K
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,Co —— = : : pexp|———|,
p& 3 at 3 ax2 622 ql lpJ p RTS
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Figure 6. Solution Area
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The boundary conditions for equations (14) - (16):
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oT,
Bya,(T'=T,) =X —L.(17.5)

o1, | 0T,
0z _)\182'

B,

The initial conditions for equations (14) - (16):

=T,,i=123

ili=0

The kinetic equation and initial condition:

The diffusion equation for an oxidizing agent:

oC, 8204 8204 M,
e _|_ % s
ot oz’ 07 M, °
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The boundary conditions for equation (20):

oc,
B, ,pD 92 =0,
ocC,
B,, pD 52 =0,
B DaC4 =0
2P 0z
oc,
B,,pD 52 =0,
oc,
B5.2pD 8:17 _0
oc,
B, pD p =0.

The initial conditions for equation (20):

Gl = Cun
The diffusion equation for the combustible components of pyrolysis:
oC 0°C. 826’5
5 — D 5 + _ R5 ,
ot oz’ 07

The boundary conditions for equation (23):

ac,
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The mass balance equation:

6

> C =1.

i=4

The initial conditions for equation (26):

c| =¢C

6];—0 6.0 "

The expression for the mass reaction rate R, (Grishin and Shipulina, 2002):

R = k(r)]W;.)T_Z'25 exp
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Q

P — (29)

DY

6
k=4

i

k

Parametric analysis showed that the mathematical model adequately describes the processes of heat
and mass transfer during ignition of the forest fuel layer by a single particle heated up to high tempera-
tures. As input parameters, the thermophysical characteristics of the forest fuel layer were varied. This
will make it possible in the future to consider the physicochemical ignition processes of not only pine
forest fuel, but also other conifers and larch.

The events of the summer of 2010 showed that the catastrophic effects of forest fires can cause enor-
mous economic and environmental damage. It becomes clear that the existing methodology for predicting
forest fires used in the Russian Federation is not perfect (Nesterov, 1949). A modern forest fire danger
assessment system must satisfy a number of requirements and specifications. The main condition for
creating an adequate methodology for predicting the occurrence of forest fires is the presence of forest
fuel ignition models in the system. Such systems can be based on the results of processing experimental
data or physical and mathematical models for the numerical study of the processes of forest fuel igni-
tion by various sources. Generalized mechanisms have already been developed for the occurrence of
forest fires from thunderstorm activity and anthropogenic load, which include the scenario of ignition
of an forest fuel layer by the particle. The physical model should be clarified. It is assumed that the gas
mixture is represented by three components: the oxidizing agent is oxygen, the combustible gas is carbon
monoxide, the inert components are nitrogen and carbon dioxide. We believe that the pyrolysis products
instantly appear in the region of the gas phase. The processes of their filtration in the forest fuel layer
to the surface of the layer from under the particles are not taken into account. This approach has proven
itself, for example, in the study of physicochemical processes of thermal degradation of polymeric ma-
terials and in solving thermal protection issues. The boundary conditions of a nonzero mass flow are
set in a narrow region around the particle. The diffusion of pyrolysis products is carried out in a narrow
wall region of the particle. The output of the pyrolysis products from the forest fuel layer is carried out
at the location of elevated temperature.

The mass flow in the region below the particle and from the side was summed and distributed in
proportion to the factor T[i,iz])/T[xz,iz], where xz is the lateral boundary of the particle and iz is the lower
boundary of the particle. This approximation provides a decrease in the release of gaseous pyrolysis
products with a decrease in the temperature of the forest fuel layer. Note that this paper does not address
the thermal decomposition of cellulose and other components of forest fuel. Effective thermokinetic
constants of the pyrolysis process are used, which are obtained for each type of forest fuel. In this work,
forest fuel layer is considered consisting of litter of pine needles. Moisture in forest fuel is absent in ac-
cordance with the scenario of catastrophic forest fire danger. Exposure to an elevated particle temperature
provides a significant decomposition of the forest fuel layer beneath it. A chemical reaction on the side
of the particle forms an additional heat flux to the forest fuel layer. On the side under the particle, the
layer decomposes more strongly.

Consider the processes of mass transfer in the vicinity of a particle. The peak concentration of gas-
eous combustible pyrolysis components is observed in the near-wall region of the particle. In addition,
horizontal diffusion of carbon monoxide was observed. Over time, the peak concentration of carbon
monoxide shifts in the opposite direction from the particle. The concentration distribution of gaseous
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Figure 7. Distribution of the concentration of carbon monoxide in the vertical coordinate in various
sections at the time of ignition
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products of pyrolysis, oxygen, and inert components in the gas phase at the time of ignition is shown in
Fig. 7-9. In the figures, curves 1,2,3,4 correspond to the coordinates x = 0.0026 m; 0.0031 m; 0.0036
m; 0.0041 m.

In the near-wall region, the pyrolysis products are injected and carbon monoxide is oxidized to carbon
dioxide. As aresult of these physicochemical processes, the oxygen concentration in the near-wall region
tends to zero over time. The first of the described processes helps to reduce the concentration of inert
components, which are also displaced from the near-wall region. At a certain distance from the particle,
a peak is observed on the concentration curve of inert components. This is the location of the chemical
reaction of the oxidation of carbon monoxide to carbon dioxide.

Fig. 10 shows the temperature distribution in the “Gas mixture-particle-forest fuel” system at the time
of ignition. A peak can be highlighted on the temperature curve that corresponds to the location of the
chemical reaction. At this point, critical ignition conditions are achieved, i.e. the ignition criteria are met.

Tables 3.4 show the ignition delay times for various particle temperatures. The minimum temperature
of acarbon or steel particle at which ignition is still observed corresponds to 900 K. At temperatures below
this critical value, the ignition criteria are not fulfilled. The ignition delay times differing from the one-
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Figure 8. Distribution of oxidizer concentration along the vertical coordinate in various sections at the
time of ignition
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dimensional formulation are obtained. This is due to the features of mass transfer in a two-dimensional
formulation and the kinetics of the chemical reaction. In a two-dimensional formulation, it is possible
to obtain more physically meaningful results compared to a one-dimensional one.

3D MATHEMATICAL MODEL

As a result of cracking of wood in the burning and not extinguished bonfires, particles similar to cubes
can form. Based on a one-dimensional physical and mathematical model, the very possibility of igniting
a layer of forest fuel by the particle heated up to high temperatures is shown. This formulation made it
possible to qualitatively study the process of ignition of the forest fuel layer by a heated particle. The
next step was the development of a flat physical and mathematical formulation of the indicated problem.
It was found that the ignition of the forest fuel layer occurs in the gas phase in the immediate vicinity
to the side of the particle.

183

printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Mathematical Modeling of Forest Fuel Ignition by the Heated Up to High Temperatures Particle

Figure 9. Distribution of the concentration of inert components along the vertical coordinate in various
sections at the time of ignition
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It is of interest to create a three-dimensional formulation of the problem of forest fuel ignition by
the particle heated up to high temperatures, since the specific features of the particle geometry do not
make it possible to reasonably use both the one-dimensional and two-dimensional approximations of
the problem. The geometry of the solution domain is shown in Fig. 11.

The process of forest fuel layer ignition by the particle heated up to high temperatures is described by
a system of three-dimensional non-stationary non-linear equations of heat conduction and diffusion. For
numerical implementation, the finite-difference method is used. Two-dimensional and three-dimensional
difference equations are solved by the locally one-dimensional method (Samarskiy, 1983). Difference
analogues of the one-dimensional heat conduction and diffusion equations are solved by the marching
method in combination with the simple iteration method (Samarskiy and Vabishchevich, 2001). The

algorithm of the program was tested on various less complicated problems compared with the solved
heat and mass transfer.
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Figure 10. Temperature distribution in the Oxz plane at the time of ignition
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The energy equation for a gas mixture:

o1, 82Tl aQTl + 62T1 +q.(1 )R, (30)
c = —v. ),
SRy or oy | a2 v T
Table 3. Ignition delay for a carbon particle
Particle Temperature, K Ignition Delay, s
900 2.69
1000 1.38
1100 0.64
1200 0.24
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Table 4. Ignition delay for a steel particle

Particle Temperature, K Ignition Delay, s
900 1.35
1000 0.76
1100 0.38
1200 0.18

The energy equation for a particle:

Figure 11. Solution Area
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oT o*'T, 0T, O°T
SN T e 8y22 o7 | Gl
The energy equation for the forest fuel layer:
oT, 82T3 82T3 82T3
5T e Ty o ) TSR TR | G2
3
The boundary conditions for equations (30) - (32):
oT.
Boal(T_j—:es):)\;} 9 >, (33.1)
z
B )\%_)\287; T =T (33.2)
1.1382* 2’1_2’ '
B ,\IE:A‘%,T:T, (33.3)
1.2 az 3 az 1 3
B )\ZaTQ—AlaTl T=T (33.4)
2.1 or - or [ b :
oT
B,o,(T-T )=\ L, (33.5)
“ 0z
0T
B, A 8—; =0, (33.6)
oT
B,,\ 8_; =0, (33.7)
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oT 0T
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The initial conditions for equations (30) - (32):

T| =T,,i=1,23

=0
The kinetic equation and initial condition:

d¢
Pga

1

RT,

9 =,

t=0

= _k;ﬂazaq5 exXp

The diffusion equation for an oxidizing agent:

oc, (o', &c, oC,| M,
= +—t 4 ~ iR,
ot or* 0y 02 M,

The boundary conditions for equation (36):

ac,
B].2’0D az :0’

ac,
BZ.]’OD 833 :0’
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B.pD—1 =0,
2P 0z
oc,
B,,pD 52 =0,
a0,
BiapD 5 =0
o0,
B, pD % =0.

The initial conditions for equation (36):

c| =c

t=0 40"

The diffusion equation for the combustible components of pyrolysis:

o’c.  9C, o°C

5 5

+—2 4
or’ oy’ 02

0C,
D — D
ot

-R

5 .

The boundary conditions for equation (39):
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aC,

B,,pD % =0. (40.4)
aC,

B,,pD = =0, (40.5)
aC,

B, pD—==0. (40.6)

The initial conditions for equation (39):
=C. . 41)

51— 5.0

The mass balance equation:
6
Y C =1. (42)
i=4
The initial conditions for equation (42):
C =C,,- (43)
The expression for the mass reaction rate R, (Grishin and Shipulina, 2002):

5

RT,

R = kS]MST%25 exp|— 27 , (44)

zx,,r, <0.05

177271

{x“)x z, > 0.05

) (45)
- M,

r =———

2

: \p @Q

X

It is believed that the gaseous pyrolysis products instantly come from the forest fuel layer into the
region of the gas phase. Moreover, combustible gases flow in a narrow zone to the side of the particle
and diffuse in the near-wall region of the particle. The release area of these substances is the localiza-
tion of elevated temperature in the forest fuel layer and its thermal decomposition. The mass flow in
the region below the particle and from the side was summed and distributed in proportion to the factor
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Tl[i,iz]/T[xz,iz], where xz is the lateral boundary of the particle and iz is the lower boundary of the par-
ticle. Thus, a decrease in the release of gaseous pyrolysis products with a decrease in the temperature
of the forest fuel layer was ensured. Fig. 12 shows the distribution of the volume fraction of dry organic
matter at the time of ignition. It can be seen that forest fuel decomposes almost in half in the region of
localization of the chemical reaction. Under the particle, its almost complete decomposition occurs.
However, the depth of decomposition is not great. In the lateral region below the particle, more signifi-
cant decomposition occurs. Here, the forest fuel layer borders on the location of the chemical reaction,
from which additional heat is supplied.

Figure 12. Distribution of the volume fraction of dry organic matter in the forest layer at the time of
ignition in the OYZ section
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Figure 13. Distribution of the concentration of gaseous pyrolysis products in the gas phase at the time
of ignition in the OXZ section
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The maximum concentration of pyrolysis components in the wall region of the particle. Moreover,
there is a diffusion of combustible gases in the horizontal direction and a shift in the concentration
maximum to the side from the immediate boundary of the particle. The concentration distribution of
gaseous products of pyrolysis, oxygen, and inert components in the gas phase at the time of ignition is
shown in Fig. 13-15. The figures show the distribution of the gas phase components in the OXZ section.

The concentration of oxygen in the near-wall region decreases due to the injection of combustible
components and the oxidation of carbon monoxide to carbon dioxide. The concentration of inert compo-
nents in the immediate vicinity decreases due to their displacement by combustible components. A peak
is observed in the distribution of the concentration of inert components, which is explained by the intake
of carbon dioxide as a result of the oxidation of carbon monoxide. Compared with the one-dimensional
formulation, the concentration of carbon monoxide in the near-wall region is somewhat lower. This is
explained by the diffusion of this component in the horizontal direction and the redistribution of the
mass flow in the region of injection of the pyrolysis products. Fig. 16 shows the temperature distribution
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Figure 14. Distribution of oxygen concentration in the gas phase at the time of ignition in the OXZ section
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in the “Gas mixture-particle-forest fuel” system at the moment of ignition in the sections OYZ (a) and
OXZ (b). In the near-wall region of the particle at a certain distance from the boundary of the “forest
fuel-gas mixture layer”, a peak is observed in the temperature distribution. It is in this place that the
critical ignition conditions are achieved. As the results shown in fig. 16a, ignition can occur on either
side of the particle.

Table 5 presents the ignition delay for various particle temperatures. The minimum particle tem-
perature at which ignition is still observed is 900 K. At lower temperatures, ignition does not occur. The
presence of a minimum temperature at which ignition of the forest fuel layer still occurs is caused not
only by the kinetics of thermal decomposition processes and reactions in the gas phase. In addition, a
particle, in contrast to a massive heated body, has a finite heat reserve (Vilyunov, 1984). The ignition
delay times differ from those obtained in one-dimensional and two-dimensional formulations. This is
primarily due to the greater degree of cooling of the particle in real 3D geometry, in contrast to the
“plate” and “rod” approximations. However, this cooling is not so significant as to ignore the possibility
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Figure 15. Distribution of the concentration of inert components in the gas phase at the time of ignition
in the OXZ section
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of using a one-dimensional formulation for the operational forecast of forest fire danger. The legitimacy
of using simplified settings is confirmed by the obtained data on the determination of the ignition delay
time, which are presented in table 6 for various temperatures of the steel particle. The differences in
the calculated values of the ignition delay times are determined by the intensification of heat transfer
processes in the case of the action of a steel particle on the forest fuel layer.

CONCLUSION

Thus, the current work presents a group of mathematical models of forest fuel layer ignition by the
particle heated up to high temperatures. The software implementation of these mathematical models
can be performed using up-to-date computing tools (Matlab, 2020; MS Visual Studio, 2020; RAD Stu-
dio, 2020). These mathematical models can be used both for the development of new forest fire danger
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Figure 16. Temperature distribution in the “Gas mixture-particle-forest fuel” system at the moment of
ignition: section OXY (a) and OXZ (b)
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predicting systems and for the modernization of existing systems (CWFIS, 2020; EFFIS, 2020; WFAS,
2020; Podolskaya et al., 2011).

The Tomsk Polytechnic University is intensively developing a deterministic-probabilistic approach to
predicting forest fire danger (Baranovskiy, 2007), which takes into account both thunderstorm activity
(Belikova and Glebova, 2020) and anthropogenic load (Baranovskiy, 2020b), as well as meteorological
conditions and properties of the forested area (Yankovich and Yankovich, 2020). For scenario modeling,
data are used for two regions of Siberia (Tomsk Region and Republic of Buryatia), which are typical
representatives of the boreal forest zone.

Table 5. Ignition delay for a carbon particle

Particle Temperature, K Ignition Delay, s
900 2.73
1000 1.40
1100 0.65
1200 0.24

Table 6. Ignition delay for a steel particle

Particle Temperature, K Ignition Delay, s
900 1.37
1000 0.77
1100 0.38
1200 0.18
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The developed mathematical models of forest fuel layer ignition can be used for scenario modeling
in these territories, both for a thunderstorm activity factor and for anthropogenic reasons. It is known
that a large area of forests in the Tomsk Region belongs to remote areas where the main cause of forest
fires is cloud-to-ground lightning discharges (Belikova and Glebova, 2020). At the same time, most of
the Baikal forests are affected by humans, namely, recreational loads (Yankovich and Yankovich, 2020),
both for individual tourists and organized recreation at various campsites. Therefore, the developed
mathematical model will find direct application in these two regions. Also, this model can be integrated
with solutions of other authors (Adab et al., 2013; Amatulli et al., 2007; Bui et al., 2017; Chen et al.,
2017; Duan et al., 2001; Ghimire et al., 2012; Grala et al., 2017; Hong et al., 2018; Hu and Zhou, 2014;
Jimenez-Ruano et al., 2017).
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KEY TERMS AND DEFINITIONS

Anthropogenic Load: Different human activities on forested territories lead to forest fire occurrence
and characterized by presence of fire sources.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: ground forest fuel (needles, leaves and dry grass, small
branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Lightning Activity: The production of a computer model of forest fire conditions and prerequisites,
especially for the purpose of study.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 13

Mathematical Modeling
of Forest Fuel Ignition by
the Focused Sunlight

ABSTRACT

This chapter is devoted to numerical simulation of forest fuel ignition by focused solar radiation. A
physical model of the forest fuel ignition by focused solar radiation is presented. Three mathematical
models of the studied process are presented (one-dimensional, two-dimensional, and three-dimensional).
Mathematically, the ignition of the forest fuel layer by focused solar radiation is described by a system
of equations of heat conduction and diffusion with the corresponding initial and boundary conditions.
The results of scenario modeling are presented.

INTRODUCTION

The occurrence of forest fires is due to various reasons (Baranovskiy and Kuznetsov, 2017). For example,
thunderstorm activity and anthropogenic load are the causes of forest fires in many countries of the world
community (Read et al., 2018; Ye et al., 2017). Thunderstorm activity is a typical natural cause of forest
fires. The anthropogenic load is due to human activity in forested areas. However, forest fires are also
possible for the so-called mixed causes. The ignition source may be focused solar radiation (Kuznetsov
and Baranovskiy, 2013). Concentrators of solar radiation can be glass containers and their fragments.
Such objects remain in the forest after recreational loads.

Radiant heat flux depends on a number of parameters, for example, time of year, latitude, time of
day. In temperate regions, the heat flux is about 1 kW/m? (Babrauskas, 2003). Existing forest fire danger
prediction systems do not take this factor into account for forest fires. In addition, such systems do not
take into account the physicochemical processes occurring during the ignition of forest fuel (Babraus-
kas, 2002). It is necessary to develop mathematical models of the forest fuel layer ignition by focused
solar radiation.
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The purpose of the work is a mathematical simulation of forest fuel layer ignition by focused solar
radiation.

PHYSICAL MODEL

The following scheme of the process under study was adopted. On the underlying surface there is a forest
fuel layer, on a small area of which the flux of solar radiation is focused. The processes occurring in the
focusing element are not modeled due to the lack of both experimental data and the results of theoretical
studies on this problem. A layer of forest fuel is heated and thermally decomposed with the formation
of gaseous pyrolysis products. The composition of the gas mixture is taken in three components (fuel -
carbon monoxide, oxidizing agent - oxygen, inert components). The pyrolysis products diffuse into the
region of the gas mixture. At certain temperatures and concentrations of the reacting gases, the mixture
ignites. The following ignition criteria are adopted: 1) the heat input from the chemical reaction exceeds
the heat flux from the heated surface to the region of the gas mixture; 2) the temperature in the gas mix-
ture reaches a critical value. The convective transfer of heat and matter is not taken into account, since
during the ignition period, the thermal and diffusion relaxation lengths are several orders of magnitude
longer than the convective (Vilyunov, 1984).

Designations: where T, p,, ¢, A, are temperature, density, heat capacity, thermal conductivity (1 is
the layer of forest fuel, 2 is the air); C, M. are concentration and molar mass (4 is the oxygen, 5 is the
combustible gas, 6 is the inert components of air); q, is the thermal effect of the pyrolysis reaction of
forest fuel; k, is the pre-exponent of the pyrolysis reaction of forest fuel; E, is the activation energy of
the pyrolysis reaction of forest fuel; R is the universal gas constant; ¢ is the volume fraction of dry or-
ganic matter of forest fuel; g, is the thermal effect of the oxidation reaction of carbon monoxide; v is the
fraction of heat absorbed by a layer of forest fuel; R, is the mass rate of the oxidation reaction of carbon
monoxide; «, is the heat transfer coefficient; a, is the heat transfer coefficient; k; is the pre-exponent
of the oxidation reaction of carbon monoxide; E; is the activation energy of the oxidation reaction of
carbon monoxide; D is the diffusion coefficient, Y is the mass flow of combustible pyrolysis products,
x, are auxiliary variable; q_ is the flux of focused solar radiation. x,y,z are spatial coordinate. t is the
time coordinate. The indices es, ea, n correspond to environmental parameters in the soil, air, and at the
initial time.

Initial data: p =500 kg/m’; p,=0.1 kg/m*; c,=1400 J/(kgxK); c,=1200 J/(kgxK); 2,=0.102 W/(mxK);
4,=0.1 W/(mxK); qp:IOOO J/kg; k,=3.63x10% E/R=9400 K; ¢, =1, q,=107 J/kg; k,=3x10" s''; E/
R=11500 K; v,=0.3; a,=20 W/(m*xK); a,=80 W/(m*xK); D=10°; M ,=0.032; M =0.028; M =0.044.

1D MATHEMATICAL MODEL

In Figure 1 shows the geometry of the solution domain. Symbols B denote the boundaries of the solu-
tion region and various layers.

The process of forest fuel layer ignition by a focused solar flux is described by a system of one-
dimensional non-stationary non-linear equations of heat conduction and diffusion with the corresponding
initial and boundary conditions. The numerical implementation was carried out using the finite-difference
method. Difference analogues of the one-dimensional equations of heat conduction and diffusion are
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Figure 1. Solution Area
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solved by the marching method in combination with the simple iteration method (Samarskiy, 1983). The
algorithm of the program has been tested on various problems of thermal conductivity.
The energy equation for the forest fuel layer:

orT, (f?QT1
c, —+ = +q kpdexp|———]|, 1
L %822 q,k,p,® exp BT (1)
The energy equation for a gas mixture:
oT 0T,
P gy =N =R, @
The boundary conditions for equations (1) - (2):
oT
Ba,(T-T )=\ 821 , 3.D
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oT 0T,

B A 8; =\ a—; +q,,T=T, (3.2)
oT
B,a,(T, —T)=\, 8; ) (3.3)

The initial conditions for equations (1) - (2):

Tl =T ,i=12 “4)

Kinetic equation and initial condition:

¢
P, E

1

=~k ppexp 4, =4 )

The diffusion equation for an oxidizing agent:

o0, ’C, M,
TR I T ©

The boundary conditions for equation (6):

ac,

B,pD——~+ =0, (7.1)
ac,

B,pD—~+=0. (1.2)

The initial conditions for equation (6):
| =c,. (8)

The diffusion equation for the combustible components of pyrolysis:

oc, ,c, o
ot 9 2
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The boundary conditions for equation (9):

=Y, (10.1)

5

805 =0 (10.2)
oz .

The initial conditions for equation (9):

=C. .. (11)

26:0 =1. (12)

ol =c,. (13)

The expression for the mass reaction rate R, (Grishin and Shipulina, 2002):

2 , (14)
r.z.,r, <0.05

177271

R, —kMT225exp

RT

{xm’x z, > 0.05

r =—————

2

(15)
- M,

i \?_Q NQ

S

The objective of the study was to determine the lower limit of the flux of focused solar radiation, at
which the ignition of a layer of forest fuel is possible. Table 1 presents the results of a numerical calcula-
tion of the ignition delay and known experimental data (Kasperov and Goman, 2010). The lower limit
q, at which ignition of the forest fuel layer is possible, according to the results of a numerical study, was
15 kW/m?. This value is approximately 10 times higher than the value of the unfocused heat flux of
solar radiation (Scientific-applied reference..., 1993). The average deviation of the results of numerical
simulation from experimental data (Kasperov and Goman, 2010) was about 42%.
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Table 1. Ignition delay of forest fuel layer by radiant heat flux

Heat flux, q, kW/m? Ignition delay (calculation), t, , s Ignition delay (eXPe;':)Tg)l:tti(gfzspel‘ ov and Goman,
15 96 No Ignition
20 59 197-207
25 31 93-100
30 24 40-42
35 20 27-30
40 18 18-26

According to (Grishin, 1997), the error in solving the problems of the theory of forest fires lies in
the range from 15 to 580%. Thus, the results obtained can be considered satisfactory from the point of
view of their correspondence to experimental data (Kasperov and Goman, 2010). It should be noted that
the difference between the theoretical and experimental values of the ignition delay decreases with an
increase in the flux of focused radiation.

It can also be noted that the experimental values of the ignition delays in the entire range of q_exceed
the theoretical ones. This is obviously due to the presence of moisture in the forest fuel in experiments
(Kasperov and Goman, 2010). In addition, all forest fuels differ significantly in composition. Accord-
ingly, the thermochemical characteristics of, for example, pine needles from different regions of Russia
and Belarus differ. The various kinetic parameters of the needles pyrolysis processes with which experi-
ments were carried out (Kasperov and Goman, 2010) and needles for which numerical simulation was
carried out are a source of certain deviations in the ignition delays of forest fuel.

A typical temperature distribution along the vertical coordinate in the “forest fuel-gas mixture” sys-
tem at the time of ignition is shown in Figure 2. The peak in the temperature curve corresponds to the
location of the chemical reaction of the carbon monoxide oxidation to carbon dioxide. Figure 3 shows
the distribution of component concentrations in the gas phase at the time of ignition.

It should be noted that for more accurate forecasts and assessments of the fire danger of forest fuels
under the considered conditions, special studies of the scale of solar radiation concentration as it passes
through large resin droplets and glass containers of various sizes, partially or completely filled with
water, are also required. In this case, it is advisable to analyze the influence of the orientation of the
“concentrator” of radiant energy relative to the surface of the forest fuel and the direction of the flow
of solar radiation. Based on the results obtained, it can be concluded that there is a high probability of
fires of dry forest fuelss when exposed to concentrated fluxes of solar radiation. Moreover, the degree
of energy concentration is not very high and seems quite achievable in practice if solar radiation passes
not only through empty or partially filled containers (glass jars or bottles) or their fragments, but, pos-
sibly, through large drops of coniferous resin.

2D MATHEMATICAL MODEL

When modeling the processes of heating and thermal decomposition of forest combustible material, it
was assumed that possible processes of shrinkage or expansion did not occur in it (Strakhov et al., 2001),
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Figure 2. Temperature distribution in the system “forest fuel layer-gas mixture” at the moment of igni-
tion at q =15000 W/m?
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as well as any thermomechanical processes (Kuznetsov, 1998) accompanied by dispersion. Typical
forest fuels (for example, needles) are characterized by very high values of initial porosity, which virtu-
ally eliminates the possibility of deformation of a layer of heated and decaying material (expansion or

Figure 3. Distribution of gas phase components at the moment of ignition at q =15000 W/m’
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shrinkage). Such processes are characteristic, for example, of heat-shielding materials that decompose
upon heating to high temperatures (Strakhov et al., 2001; Kuznetsov, 1998).

When setting the task, it was also assumed that the transfer of fuel (gaseous pyrolysis products) in the
air layer above the surface of the forest fuel material is carried out only due to diffusion. In contrast to the
conditions for ignition of combustible liquids by local sources (Kuznetsov and Strizhak, 2008a,2008b),
when convection is decisive, and for solving the problems of heat and mass transfer in a gas mixture
above the heating and evaporation surface of a fuel, it is necessary to take into account the processes of
natural or mixed convection (Kuznetsov and Sheremet, 2006; 2009), the intensity of injection of combus-
tible The products of pyrolysis of forest fuel into the reaction zone are 100 or more times lower than the
mass flow rates of flammable liquid vapors upon their ignition (Kuznetsov and Strizhak, 2008a,2008b).

Figure 4 shows the geometry of the solution domain. Symbols B denote the boundaries of the solu-
tion region and various layers.

Figure 4. Solution Area
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The process of ignition of forest fuel layer by a focused solar flux is described by a system of two-
dimensional non-stationary non-linear equations of heat conduction and diffusion with the corresponding
initial and boundary conditions. For numerical implementation, the finite-difference method is used.
Two-dimensional difference equations are solved by the locally one-dimensional method (Samarskiy and
Vabishchevich, 2001). Difference analogues of the one-dimensional equations of heat conduction and
diffusion are solved by the marching method in combination with the simple iteration method (Samar-
skiy, 1983). The algorithm of the program was tested on various less complicated problems compared
with the solved heat and mass transfer.

The energy equation for the forest fuel layer:
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oT o°T, 0T,
¢, —+t = L Ll _gkpodexp|——]|, 16
pG 5 = EYCIRra P30 €xp BT (16)
The energy equation for a gas mixture:
o, 0T, O, +4q.(1 )R (17)
c = (1—-v)R._.
’02 2 8t 81‘2 822 qo 5 5

The boundary conditions for equations (16) - (17):

T,
Byoy(T—T ) =X\ 92 (18.1)
T, o1,
BAG TA G T I (18.2)
oT
B,a,(T, —-T)=X\—>. (18.3)
z
T,
B, A o2 =0, (18.4)
B,,T\=T, (18.5)
o1,
B, A2 =0, (18.6)
o7,
B,,a, (T, —T)= ), P (18.7)

The initial conditions for equations (16) - (17):

T|_ =T, =12 (19)
208

EBSCChost - printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Mathematical Modeling of Forest Fuel Ignition by the Focused Sunlight

The kinetic equation and initial condition:

¢
Pla

RT

1

= —k ppexp

The diffusion equation for an oxidizing agent:

ac,
=D
ot

o*C , 9°C ,
—~+—
oz’ 072

5

M4
~iR
M5

The boundary conditions for equation (21):

B DaC4 =0
P 9z
B D604 =0
2 9z
ocC,
B4.]’0D ax :0’
804
B,,pD =0.
' oz

The initial conditions for equation (21):
4 ‘ =0 041) :

The diffusion equation for the combustible components of pyrolysis:

aC,
2 =D
ot

o’c.  &C,

5

oz’ * 0z2° S

5

The boundary conditions for equation (24):
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(25.1)

(25.2)

(25.3)

(254)

The initial conditions for equation (24):

5l1=0 5.0

The mass balance equation:

6

Y =1.

=4

(26)

27)

The initial conditions for equation (27):

6li—g Cﬁ:o :

(28)

The expression for the mass reaction rate R, (Grishin and Shipulina, 2002):

R = lcs)]\{_’T*Q'25 exp
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As aresult of modeling, the lower limit of the focused solar radiation flux is theoretically established,
at which the ignition of a layer of forest combustible material is possible. Table 2 presents the results of
numerical determination of ignition delays and known experimental data (Kasperov and Goman, 2010).
The minimum flux of focused solar radiation was 15 kW/m?. That is, a 10-fold excess of the flux of
natural natural solar radiation (Scientific-applied reference..., 1993) can lead to a forest fire.

The average deviation of the results of numerical simulation from experimental data was less than
40%. Similar numerical studies were carried out to determine the ignition delay times of forest fuel
using a one-dimensional model of heat and mass transfer, ceteris paribus. It has been established that
there is an increase in the ignition delay in the range of 15-35 kW/m? compared to the one-dimensional
setting. This suggests a more adequate simulation of the ignition process in a flat setting. When the flux
of focused solar radiation is equal to or greater than 40 kW/m?, the differences in the ignition delay for
one-dimensional and two-dimensional settings are about several 0.01 s. It should also be noted that the
differences in the ignition delay, determined theoretically and experimentally (Kasperov and Goman,
2010), decrease with an increase in the flux of focused solar radiation. This fact is probably due to the
fact that under the influence of relatively high heat fluxes, differences in the structural and physical
characteristics of the forest fuel layer are leveled out by intensification of thermophysical and physico-
chemical processes. The obtained t, values can be considered satisfactory from the point of view of
correspondence of theoretical results to experimental data.

Table 2. Ignition delay of forest fuel layer by radiant heat flux

Heat flux, g, Ignition delay (1D calculation), | Ignition delay (2D calculation), Ignition delay (experiment (Kasperov
kW/m? Lo S Lo S and Goman, 2010), tow S

15 96 99 No Ignition

20 59 62 197-207

25 31 33 93-100

30 24 26 40-42

35 20 21 27-30

40 18 18 18-26

It should be noted that the experimental values of the ignition delay in the entire range of q_exceed
the theoretical ones. This is probably due to the presence of moisture in the forest combustible material
or the difference in the density of the layer in the experiments (Kasperov and Goman, 2010).

A typical temperature distribution in the Oxz plane in the “forest fuel-gas mixture” system at the
time of ignition is shown in Figure 5. The peak on the temperature surface corresponds to the location
of the chemical reaction of the oxidation of carbon monoxide to carbon dioxide. Ignition criteria are
met in the center of the focused solar radiation exposure area. Acceleration of the chemical reaction is
also observed at the edges of the strip and in its vicinity. However, heat in these areas is not enough to
ignite. Figure 6 shows the distribution of the volume fraction of dry organic matter in the Oxz plane
at the time of ignition. Almost complete decomposition of forest fuel is observed in the area affected
by the flow of focused solar radiation. However, a partial decomposition of forest fuel is also observed
behind the impact site.
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Figure 5. Temperature distribution in the system “forest fuel layer-gas mixture” at the moment of igni-
tion at g =15000 W/m?
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Figures 7-9 show the distribution of concentrations of the components of the gas mixture at the time of
ignition. In contrast to the one-dimensional formulation, in the planar case, diffusion of carbon monoxide
is observed in the horizontal direction, which leads to an insignificant decrease in the concentration in
the center of the site of exposure to radiant heat flux. Therefore, the ignition delay time increases slightly
(later, the required fuel concentration for ignition is reached). Carbon monoxide diffuses beyond the
boundaries of the exposure zone and, as a result, additional heating of the mixture in this area. However,
the ignition criteria are not met here.

3D MATHEMATICAL MODEL

Figure 10 shows the geometry of the solution domain. Symbols B indicate the boundaries of the solution
region and various layers.

Ignition of the forest fuel layer by a focused solar flux is described by a system of three-dimensional
non-stationary non-linear equations of heat conduction and diffusion with the corresponding initial and
boundary conditions. For numerical implementation, the finite-difference method is used. Two-dimen-
sional and three-dimensional difference equations are solved by the locally one-dimensional method
(Samarskiy and Vabishchevich, 2001). Difference analogues of the one-dimensional equations of heat
conduction and diffusion are solved by the marching method in combination with the simple iteration
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Figure 6. Distribution of the volume fraction of dry organic matter at the time of ignition at g = 15000 W/m’
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Figure 8. Distribution of the oxidizer of the gas phase at the time of ignition at q =15000 W/m’
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Figure 10. Solution Area
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method (Samarskiy, 1983). The algorithm of the program was tested on various less complicated prob-

lems compared with the solved heat and mass transfer.
The energy equation for the LGM layer:
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The initial conditions for equations (31) - (32):
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The initial conditions for equation (36):

The diffusion equation for the combustible components of pyrolysis:
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The expression for the mass reaction rate R, (Grishin and Shipulina, 2002):
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As a result of computational experiments, the dependence of the ignition delay on the magnitude
of the heat flux of focused solar radiation is obtained. It should be noted that the presence of moisture
in the layer of forest fuel is ignored and humidity is assumed to be zero. Note that this assumption is
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consistent with the catastrophic fire danger scenarios in the forest. In connection with the observed and
predicted climatic changes, the relevance of such studies will increase from year to year.

Table 3 shows the ignition delay depending on the heat flux of focused solar radiation and the known
experimental data on the ignition of a layer of forest fuel by radiation.

Table 3. Ignition delay of forest fuel layer by radiant heat flux

Heat flux, q, Ignition delay (2D Ignition delay (3D (éﬁ?te'f:vﬁyéi’iﬁﬁfl"'z‘ﬁ?& Ignition delay
kW/m? calculation), t,_, s calculation), t,_, s P ‘s ? ? (experiment), t,_, s
ign®
15 99 105 No Ignition
17 85 87 No Ignition 67+15
20 62 63 197-207
25 33 34 93-100
30 26 26 40-42
35 21 21 27-30
40 18 18 18-26

Scenario modeling made it possible to establish a lower threshold for the heat flux of focused solar
radiation, at which a layer of forest fuel ignites. Modeling was carried out in a full three-dimensional

Figure 11. Temperature distribution in the system “forest fuel layer-gas mixture” before and at the mo-
ment of ignition at q =15000 W/m’

1200

1000 -

800 +

T, K

600 +

400 —

200

0,00

220

printed on 2/14/2023 5:21 AMvia .

Al

0,02 0,04

Z, m

use subject to https://ww. ebsco. conitermns-of -use



EBSCChost -

Mathematical Modeling of Forest Fuel Ignition by the Focused Sunlight

setting. A heat flux with a density of 15 kW/m? is the minimum value at which ignition of a layer of
forest fuel is still possible. Thus, a relatively small 10-fold excess in the intensity of the flux of natural
solar radiation can lead to the appearance of a source of a surface forest fire. The average deviation of
the results of numerical modeling from experimental data was about 38%. The vertical temperature
distribution in the center of the heat flux of the focused solar radiation is shown in Fig. 11 at various
points in time.

It can be seen from the results that initially the forest fuel layer and the gas mixture heats inertly.
This stage lasts until a temperature threshold of about 900 K is reached. Over time, in a certain vicinity
of the surface of the forest fuel layer, the chemical reaction accelerates and the heat release increases
in this zone. A peak characteristic of the ignition region is formed on the temperature curve (Fig. 11).

When the flux of focused solar radiation is equal to or greater than 30 kW/m?, the differences in the
ignition delay in three-dimensional and two-dimensional settings are about several 0.01 s. The greatest
discrepancy between the results obtained from the two-dimensional and three-dimensional statements is
noticeable at the lower threshold of the radiant heat flux, at which the ignition of the layer of forest fuel
still occurs. Also, maximum differences between theoretical estimates and experimental data (Kasperov
and Goman, 2010) are recorded in the region of low heat fluxes.

The main laws of heat and mass transfer, established in the case of two-dimensional formulation, are
preserved for spatial modeling. Additional heat removal along the third coordinate and diffusion in the
same direction lead to an increase in the ignition delay. Ignition criteria are met for the same conditions,
but they come a little later.

It is of interest to study the conditions of ignition of a layer of forest fuel at small peripheral sizes of
the zone of influence of focused solar radiation. Table 4 presents the ignition delays depending on the
heat flux of radiation and the peripheral size of the exposure zone.

Table 4. Ignition delay depending on the peripheral size of the radiation exposure zone

Ignition delay, t,_, s
Peripheral size d, mm
40 kW/m? 35 kW/m? 30 kW/m? 25 kW/m? 20 kW/m?
10 26 35 48 69 108
8 35 49 70 104 159
6 59 84 126 No No
4 154 No No No No
2 No No No No No

As a result of the calculations, it was found that with the peripheral dimensions of the impact zone
equal to and less than 10 mm, the value of Lion increases with decreasing d. Such exposure zones can
be considered point. Firstly, the ignition delay is longer than in areas of exposure. Secondly, ceteris
paribus for the exposure zone with a peripheral size of 2 mm or less, it was found that ignition does not
occur. The minimum deviation from the area impact zones is observed for a peripheral size of 10 mm
and a heat flux of 40 kW/m?. This is most likely due to the later attainment of ignition conditions. It
takes more time for the fuel concentration to reach the required value. In addition, with such point-like
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zones of influence, the outflow of heat from this region as a result of heat conduction begins to play a
significant role. Calculations showed that when heat fluxes are less than 20 kW/m?, there is no ignition
of a layer of forest fuel.

It should be noted that the results of computational experiments allow us to conclude the importance
of the peripheral dimensions for zone of the thermal radiation influence. In (Kasperov and Goman,
2010), such data are not presented. It is only indicated that the test unit includes a radiation panel with
a heating element. It is possible that the differences in the experimental data and theoretical results are
also explained by the fact that in the experiment (Kasperov and Goman, 2010) such a parameter as the
peripheral size of the zone of exposure to the radiant heat flux was not controlled. It is advisable to carry
out an experiment in which the dependence of the ignition delay time on the peripheral dimensions of the
exposure zone is taken into account. This is especially true for exposure areas with a small peripheral size.

CONCLUSION

Thus, this article presents a group of mathematical models for the ignition of forest fuels by focused
solar radiation. Such models can be used to develop forest fire danger predicting software (CWFIS,
2020; EFFIS, 2020; WFAS, 2020; Podolskaya et al., 2011). A specific software implementation can
be performed using modern computing systems (Matlab, 2020; MS Visual Studio, 2020; RAD Studio,
2020). It should be noted that previously shown a positive trend in reducing damage from forest fires
when using forest fire danger predicting systems (Taylor and Alexander, 2006).
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KEY TERMS AND DEFINITIONS

Anthropogenic Load: Different human activities on forested territories lead to forest fire occurrence
and characterized by presence of fire sources.

Focused Sunlight: Sunlight concentrated by natural or artificial lens.

Forest Fire: Uncontrolled aerothermochemical phenomenon characterized by step-by-step mechanism
which includes following stages: inert heating, moisture evaporation, high temperature terpens evapora-
tion, dry organic matter pyrolysis, flammable combustion, and smoldering.

Forest Fuel: It can be considered like dead and live forest fuel. Main types of forest fuel which can
be involved in combustion during forest fire: ground forest fuel (needles, leaves and dry grass, small
branches) and crown forest fuel (needles, small branches).

Ignition: Inflammation of forest fuel caused by definite source of high temperature or energy.

Ignition Delay: Time before flame flash after forest fuel heating.

Mathematical Simulation: The production of a computer model of forest fire conditions and pre-
requisites, especially for the purpose of study.

Monitoring: Monitoring refers to the periodic calculation of the parameters of forest fire danger
with a portion of information available in real time.

Prediction: Under the prediction of forest fires is the calculation of the parameters of forest fire
danger with a certain projection in advance in order to have enough time to anticipate an emergency.
The calculation in this case is carried out in a mode ahead of the real time of the development of the
catastrophe - the occurrence of a forest fire.
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Chapter 14

Forest Fire Probability
Prediction Taking Into
Account Anthropogenic
Load, Lightning Activity,
and Weather Conditions

ABSTRACT

A new probabilistic criterion for forest fire danger and a new methodology for determining the prob-
ability of forest fires taking into account thunderstorm activity and the level of anthropogenic load in a
controlled area are considered. The results of a parametric study of the dependence of probability on
meteorological conditions, thunderstorm activity, and anthropogenic load are also presented. The fire
situation corresponds to the statistics of fire accidents in the territory of the Timiryazevskiy forestry of
Tomsk region.

INTRODUCTION

Currently, the issue of forest fire danger assessment is relevant. The prediction of surface fires is of
greatest importance, since more than 80% of all vegetation fires are surface fires. Almost all crown fires
develop from surface fires (Bayham et al., 2020). An important role is played by the creation of a new
methodology for predicting the occurrence of forest fires. The basis for the creation of such a methodol-
ogy should be simple, but adequate to the physics of the process of forest fire ripening, mathematical
models, as well as appropriate methodological, information and software.

An analysis of the forest fire danger prediction techniques existing in Russia and abroad shows that
almost all the techniques have a weak physical basis and, as a rule, take only weather data into account.
Thunderstorm activity and anthropogenic load are not properly taken into account (Grishin, 2002). It
should be noted the Canadian, a number of South European methods (Viegas et al., 2000) and the Nest-

DOI: 10.4018/978-1-7998-7250-4.ch014

Copyright © 2021, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

printed on 2/14/2023 5:21 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Forest Fire Probability Prediction Taking Into Account Anthropogenic Load, Lightning Activity

erov criterion (Nesterov, 1949). The advantages of these methods are the simplicity and a fairly good
quality of the prediction, but within the territory on which a statistical analysis of forest fire incidents
was carried out. The main disadvantage is the neglect of the real cause of forest fires, namely, the drying
process of a layer of forest fuel on the underlying surface.

The existing network of weather stations (especially the regions of Siberia, the North and the Far
East) does not allow us to talk about any normal coverage of the controlled territory. In this work, when
developing a system for predicting the occurrence of forest fires, it is proposed to focus on the prospects
for interaction with software that implements global and regional atmospheric models. It should be
noted that the use of existing fire danger scales often leads to errors, since forest fire danger is actually
estimated only by vegetation conditions (Telitsin, 1987). In addition, in the dry period, differences in the
moisture content of forest fuel in the areas are smoothed out, and after 2-3 weeks there is practically no
difference in the I and V classes (Telitsin, 1987). This information only confirms the conclusion that it
is necessary to develop a new methodology for determining the probability of forest fires.

In the nuclear industry, for example, a probabilistic safety criterion is used (Grishin, 1999), and at
present, the need to develop a similar criterion and the corresponding methodology has also arisen in
forestry. An analysis of numerous literary sources devoted to the problem of forest fire danger predicting
and forest taxation descriptions of specific forestry allows us to conclude that it is necessary to develop
a forest fire danger prediction system that would have a spatial resolution at the level of the minimum
forest taxation unit (site) and which would allow to obtain results in the system “forestry-quarter’’, as
the quarterly maps of forest areas, as a rule, do not have a geographic reference.

Simple mathematical models and an approximate analytical formula for determining the drying time
of the forest fuel layer were previously developed (Grishin and Baranovskij, 2003). For practical use,
the forest-taxation characteristics “completeness” and “bonitet” of the stand are integrated in the model
(Baranovskiy and Grishin, 2002), which allows one to take into account the effect of screening of solar
radiation by the canopy of the stand. In (Sofronov, 1970), it was noted that there is a dependence of the
fraction of solar radiation penetrating under the canopy of the forest stand on these characteristics for
various types of forests. It should be especially noted that for this it is enough to use the standard forest
taxation descriptions that are available in each forestry.

The purpose of this work is to develop a new probabilistic criterion for forest fire danger and conduct
a parametric study of the influence of anthropogenic load, thunderstorm activity and weather conditions
on the probability of forest fires.

Background

The ecological system of forests of the Russian Federation occupies 1.2 billion hectares of territory and
contains about 25% of the forest resources of the entire planet (Kuznetsov et al., 2005). Russian forests
are not only an economic, but also an important ecological resource (Stryamets et al., 2020; Concept...,
2003). Global processes of regulating the state of the environment, biodiversity, climate, and river flows
are significantly affected by the forests of the Russian Federation (Kuznetsov et al., 2005).

Tomsk region, especially its northern part, is a fairly typical forest-covered territory of the boreal
forest zone. On her example, a fairly general description of the conditions for the occurrence of fires is
possible. Forests of the region are located in the Ob river basin on exclusively flat territory with excess
moisture and are of great environmental importance (Panevin, 2006). Relatively harsh climatic condi-
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tions determine a rather limited species composition of forests. The predominant breed in the Tomsk
region is pine.

According to the Tomsk Aviation Forest Protection Base, for the period 1993-2002, 2363 forest fire
accidents were recorded (Yanko, 2005). From 55 to 350 fires occur annually in the region. A feature
of the forests of the Tomsk region is the presence of combustible material in all stands. Mostly surface
fires develop in the region (98.5%). 1.1% of incidents and 12.5% of the burned-out area account for
the crown fires, and underground fires occur even less frequently. The share of fires for anthropogenic
reasons is quite stable over the years, and fires from a lightning discharge are cyclical in nature. Periods
with massive thunderstorms give way to calmer ones. The firewood of the region’s forests also varies
significantly over the months of the fire danger season. The most “burning” months are June and July.
The duration of the fire danger season according to the weather is from 137 to 161 days (Panevin, 2006).

One of the main causes of forest fires in many cases is lightning discharges of the cloud-to-ground class
(Wang et al., 2020; Latham and Williams, 2001; Latham, 1991; Li et al., 2020; Uman, 1969). Extensive
statistics on cloud-to-ground lightning discharges, which can be used to predict forest fire dangers in
the boreal forest zone, are collected as part of the US National Lightning Detection Network (Cummins
et al., 1998). This system can identify most cloud-to-ground lightning discharges in the United States
and Canada with a spatial resolution of several kilometers and an accuracy of 1 ms in time. As a result
of the system’s operation, data on impact polarity, peak impact current, impact complexity (single or
multi-impact) are archived (Lyons et al., 1998; Boccippio et al., 1995; Burke and Jones, 1996; Cummer
and Inan, 1996; Huang et al., 1999).

Cloud-to-ground lightning discharges are recorded in other countries. For example (Soriano et al., 2005;
Orville and Huffines, 2001), in Spain the proportion of single strikes was 53.6% and 89%, respectively,
for negative and positive cloud-to-ground lightning discharges. The average current for the first strike of
the negative and positive discharges was 23.5 kA and 35.3 kA, respectively. These statistics allow us to
study the basic laws of ignition of deciduous and coniferous trees based on mathematical modeling. To
predict forest fire danger from thunderstorm activity for a specific period, the results of analysis of the
daily variation of cloud-to-ground thunderstorm discharges are of interest (Ateitio et al. 2001). Lightning
discharges are also observed in Japan (Matsui et al., 2019; Tsunomura et al., 2016), France (Gallin et al.,
2016), Brazil (Pinto et al., 2007; Paulucci et al., 2019; Pinto and Pinto, 2003; Pinto et al., 2003), Italy
(Bernardi and Ferrari, 2004), and the Russian Federation (Wang et al., 2020; Adzhiev and Kuliev, 2018).

The Federal Service for Hydrometeorology and Environmental Monitoring plans to develop a network
of direction finding for cloud-to-ground lightning discharges and it is advisable to develop physical and
mathematical models for ignition of deciduous and coniferous trees as a result of a cloud-to-ground
discharge.

A study of the spatial distribution of forest fires from thunderstorms in Ontario is significant (Podur
et al., 2003). A rather long period was analyzed - from 1976 to 1998. Forest fires from thunderstorms
account for 35% of all recorded fires in Canada, and the area covered by fire is 85% (Weber and Stocks,
1998). The total number of forest fires analyzed was 40,000 (17,000 of which occurred from thunder-
storms) (Podur et al., 2003). Spatial statistics methods (SPP analysis) allowed authors to identify clusters
with the highest probability of forest fires from thunderstorms. Important measures in SPP are spatial
intensity (defined as the number of events per unit area) and NBS, the nearest neighbor statistic (deter-
mines how close events are to each other) (Podur et al., 2003).

Cluster analysis allows us to assess the spatial dynamics of forest fires from thunderstorms only in
the conditions of invariance and stability of statistics on forest fire incidents. The objective existence
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of global climate changes and their contribution to local weather conditions will not allow to obtain
adequate results on the ignition of forests. It is necessary to develop appropriate models for ignition of
natural combustible materials that are currently not available. Cluster analysis was used to assess the
probability of forest fires from thunderstorms in Central Spain (Nieto et al., 2006; Amatulli et al., 2007).
General patterns characteristic of the province of Ontario were identified.

The need to use information about the availability of fire sources for assessing forest fire danger
was noted by L.S. Melekhov (Melekhov, 1947). An increase in the level of urbanization, recreational
load leads to changes in forest ecosystems, including as a result of forest fires. An analysis of the socio-
psychological aspects of recreational visits to the forest and the occurrence of forest fires (Andreev and
Larchenko, 1987). It has been established that with increasing distance from the settlement, the number
of visits to the forest and forest fires decreases (Kurbatskiy, 1964; Melluma et al., 1982) according to
the Rayleigh and Poisson distributions (Telitsin, 1984).

When studying population migration in geography, various mathematical models are used. Some of
them were checked to describe the distribution of forest fires relative to settlements in rural areas (An-
dreev, 1986). It turned out that for this purpose, probability density functions of the lognormal distribution
and a Pareto type function can be used. With the increase in the number of inhabitants, the probability
of a fire near settlements increases. The distribution of fire sources over the territory and over time is
similar to the distribution of forest fires and is reproduced annually with only a slight deviation from
the long-term average (Telitsin, 1987).

The main anthropogenic sources of ignition are single particles of metals or nonmetals heated to
high temperatures (Romanenkov and Levites, 1991). Such particles are formed and move over distances
from several tens of centimeters to tens of meters as a result of wind blowing out extinguished bonfires,
removal of hot particles from the front of the fire, welding or metal cutting. Forest fires are affected by
social factors. For example, 93% of all fires in the national forests of Minnesota, Wisconsin and Michigan
in 1986 occurred due to human faults (Cardille et al., 2001).

A significant GIS analysis of spatial and temporal patterns of forest fires of the 1950-1992 seasons
that occurred for anthropogenic reasons in the forests of Vancouver Island (Canada). A total of 6329
forest fires were analyzed. Arc/Info and ArcView GIS software were used. The study area was divided
into 36050 cells. The number of burnt cells is closely related to the proximity of country, paved roads
and railways and decreases with increasing distance from them (especially from country roads). The
number of burned out cells increases with the distance from camps and campsites, reaching a maximum
at a distance of 5 km from their location, but decreases with subsequent removal. A large number (the
difference with the neighboring territories by an order of magnitude or more) of cells burns out at a dis-
tance of more than 20 km from cobbled and railroads, Vancouver municipalities (Pew and Larsen, 2001).

GIS analysis reveals the spatial picture of forest fires for various anthropogenic reasons. However,
it is not suitable for predicting forest fire danger. It is necessary to develop a probabilistic model for as-
sessing forest fire danger for anthropogenic reasons, lightning activity and weather conditions.

From the analysis of the causes of fires, it follows that in countries with a low population density, the
number of fires increases during the development of the territory. As you move away from settlements
and transport routes, the number of fires decreases, and their average size naturally increases. Large-scale
effects of forest fires from anthropogenic stress are possible (an example of the Mediterranean part of
the Pyrenees peninsula in the period 1989-2003) (Benavent-Corai et al., 2007).

As a rule, to predict forest fire danger, data from stations for the registration of meteorological pa-
rameters (Kosarev and Andryushchenko, 2007; Filkov, 2005) or satellite-based TOVS sounding data
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(Ponomarev et al., 2006) are used. For scenario modeling, reference information is used (Scientific-
applied reference..., 1993).

It should be noted that in Siberia, in the North and the Far East of Russia, the network of weather
stations is not sufficiently developed. However, in recent years, fairly developed mathematical models
of the atmosphere (Tolstykh, 2001) and climate (Dymnikov et al., 2005) have already been used. The
physical and mathematical approach currently in meteorology is becoming increasingly important.
Mathematical methods make it possible to create complex models and predict the further development
of atmospheric processes and are already widely used in the practice of operational weather predicting
(Murphy and Winkler, 1984). The viability of short-term predictions is high and close to 90%. For models
of medium-term weather predictioning, the semi-Lagrangian approach is widely used (Tolstykh, 2001).
A three-dimensional model has been developed (Tolstykh, 1997). In addition, there are no obstacles to
using the rough solution obtained by the global atmospheric model as the initial and boundary conditions
for the non-hydrostatic model of the regional atmosphere (Esaulov and Starchenko, 2002). In combina-
tion with the methods for reconstructing the detailed structure of meteorological fields at the city and
regional levels from the predicted large-scale values of meteorological fields (Chavro and Dmitriev,
2002), this can provide (for a specific territory) weather data with a higher spatial resolution than allowss
a network of available weather stations (especially for regions with an undeveloped weather network).

In addition to global models, there are regional models of numerical weather predicting, for example,
the MMS5 (Lixiang et al., 2000) and WRF (Michalakes et al., 2001) models. The scope of regional models
is extremely wide from scale of several meters to thousands of kilometers. It is necessary to develop a
new prediction concept for forest fire danger, taking into account the possibility of using such models.

The process of drying the forest fuel layer under the influence of external conditions is important for
assessing forest fire danger in a controlled area. In recent years, a number of physical and mathematical
models have been developed for drying the forest fuel layer (Grishin and Baranovskij, 2003; Grishin
and Filkov, 2005; Grishin et al., 2001a). The most complete of them (Grishin et al., 2001b) uses the
basic concepts and methods of mechanics of continuous multiphase media and methods for solving the
conjugate problems of heat and mass transfer taking into account the general mathematical model of
forest fires (Grishin, 1997). The conjugate substitution and boundary layer model are used (the laminar
regime of the steady flow is considered).

An analysis of forest fire danger predicting methods existing in Russia and abroad shows that almost
all methods have a weak physical basis. Thus, there is no doubt the need to develop a new methodology
for determining the probability of forest fires. For example, in the nuclear industry, a probabilistic safety
criterion is used. Currently, the need to develop such a criterion and the corresponding methodology
has arisen in forestry. As shown, the analysis of real forest taxation descriptions of specific forest tracts
should be detailed at the level of the minimum forest taxation unit (site).

The existing network of weather stations (especially the regions of Siberia, the North and the Far
East) does not provide any normal coverage of the controlled territory. Thus, it is necessary to develop a
new concept for building a forest fire danger prediction system. In this work, when developing a system
for predicting the occurrence of forest fires, it is proposed to focus on the prospects for interaction with
developed mathematical models of the atmosphere and climate.

The forest fire danger scales currently used are usually tied to a specific region. Thus, it will be rel-
evant to develop such a system of scales that would unambiguously and uniformly interpret the level of
forest fire danger in any region in the form of scales of the probability of forest fires.
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PROBABILISTIC CRITERION

The formula was obtained to predict forest fire probability for time interval j of a forest fire season using
the basic principles of the probability theory (Baranovskiy, 2017; Baranovskiy and Zharikova, 2014):

P = [P(A)P(Aj [A)P(FF 1A/ Aj) + P(L)P(Lj IL)YP(FF/L/ Lj)]Pj(D) (1)

It is necessary to use the definition of probabilities by means of the frequency of events and the
statistical data of the specific forestry to determine all the parts in formula (1) ((Baranovskiy, 2017;
Baranovskiy and Zharikova, 2014)):
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Obviously, the more cases are considered for the specific forest, the more precise formulas (2) - (5)
will be. All the parameters of a fire season have therefore to be registered every year.

P, is the forest fire probability for interval j in the controlled forest area;

P(A) is the fire probability caused by the human activity;

P(A/A) is the forest fire probability on week day j;

P(F F/A,Aj) is the forest fire probability caused by the human activity in the forest area;

P(L) is the probability of dry thunderstorms in the forest area;

P(L/L) is the probability of cloud-to-ground lightning discharge;

P (FF/L, L) is the forest fire probability caused by the lightning provided that there is a dry thunderstorm
in the forest area;

P (D) is the probability that forest fuel layer will be dry;

index j corresponds to the day of a fire season.

N, is the number of days during a fire season when anthropogenic load is enough for forest fuel ignition;

N, is the number of fires due to anthropogenic load,;
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N, is the total number of fires; N, is the number of days when there was lightning (when dry thunder-
storms occurred);

N, is the total number of days in a fire season;

N, is the number of fires due to lightning (when dry thunderstorms occurred);

N, is the number of fires on the specific day of week; N, is the total number of fires during week;

N, is the number of cloud-to-ground lightning discharges from 00:00 am;

N, , is the total number of cloud-to-ground lightning discharges per day.

Thus, we can single out the probability that forest fuel reaches the state of forest fire maturity. In our
case, the “maturation” of the forest fuel is determined by the drying process of the forest fuel layer under
the influence of external conditions. This process can be quantitatively characterized by the drying time
of the forest fuel layer. Under the drying time of the forest fuel layer is meant the