W
] o o

Praise erthj Prize

ISSN 1974-9821

This paper is available online at www.praiseworthyprize.org

International Review on Modelling and Simulations (LRE.MO.S.), Vol. 14, N. 4

August 2021

Mathematical Simulation of Heat Transfer in the Structures

of a Passenger Carriage Under the Influence of Forest Fires

Nikolay V. Baranovskiy, Alexey O. Malinin

Abstract — Forest fires have a negative impact on the functioning of the railway. The aim of the
work is a mathematical modeling of heat transfer in the structures of a passenger carriage under
the influence of radiation from a forest fire front. The originality of the study is explained by
modeling heat transfer in structural materials of a passenger carriage under the influence of
radiation from a forest fire front. Low and high intensity surface forest fires, crown forest fires are
considered. Most of the previously published works are devoted to the analysis of the causes of
forest fires, including the ones near the railway. The software implementation of the mathematical
model is performed in the RAD Studio software in the high-level programming language Delphi.
Mathematically, heat transfer in the materials of a passenger carriage is described by non-
stationary differential heat conduction equations with corresponding initial and boundary
conditions. In order to solve the partial differential equations, the finite-difference method and the
locally one-dimensional method are used. Difference analogs of differential equations are solved
by the marching method. The main findings of the study are: 1) physical and mathematical models
of heat transfer in the structures of a passenger carriage under conditions of exposure to radiation
from a forest fire; 2) the obtained temperature distributions in the inhomogeneous structure of the
passenger carriage wall; 3) simulation has shown that a low-intensity surface forest fire causes a
relatively safe forest fire impact scenario, while a high-intensity surface forest fire impact is a
potentially dangerous scenario; 4) the scenario of the impact of a crown forest fire is
unambiguously dangerous at any parameters; 5) the results obtained in this paper and the
expected in future investigations will create a physical basis for the development of software for
fire safety systems for rolling stock on the railway. The presented results are proposed to be used
for forecasting, monitoring, and assessing forest fire dangers during the operation of the rolling

stock of JSC Russian Railways. Copyright © 2021 The Authors.
Published by Praise Worthy Prize S.r.l.. This article is open access published under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Nomenclature 9
forest fire [W/m?]

o Heat transfer coefficient on the a Heat flux depend on height of
indoor boundary [W/ (m’ K)] forest fire [W/m?]

By Boundarlgs of decision area and RAD Studio Rapid Application Development
sub domains Studio

c Specific heat [J/(kg K)] p Density [kg/m’]

d Initial distance to forest fire [m] ¢ Time coordinate [s]

AT Temperature difference between Loy Exposure time [s]
the heated area of the glass and T Temperature in carriage
the cold edge of the glass [K] construction [K]

H, H, Spatial boundaries [m] Ty Flame temperature [K]

JSC Russian Railways Joint Stock Company Russian v Forest fire propagation speed
Railways ‘ [m/s]

A Thermal conductivity coefficient Xy Spatial coordinates [m]
[W/(rp K)] xf Current distance to forest fire to

gy Density of heat flux from forest the end of exposure time [m]

fire line [W/m?]
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Indexes 1-4 Surface and inner part of
carriage wall, glass package and
air

Index 0 Initial parameters at /=0 s

I.

Forecasting, monitoring and assessment of forest fire
danger is an important task when taking measures to
ensure fire safety of the functioning of railway facilities
[1], [2]. In the Russian Federation, forest fires occur for
various reasons, including the result of anthropogenic
load on forested areas [3], [4]. Objects of JSC Russian
Railways are sources of anthropogenic pressure on
forested areas [4]. On the other hand, the rolling stock of
the railway is exposed to the negative impact of forest
fires in the event of forest fires near to the railway line
[5], [6]. The main factor affecting a forest fire is the
radiant heat flux from the forest fire front [7]-[9]. In the
general case, the density of radiant heat from the forest
fire front will depend on the type of forest fire, the height
of the flame and the speed of its propagation through
forest fuels [10]-[14]. In this work, the approach of
scenario modeling [15] of forest fire danger [16]-[22]
should be used. For definiteness, the article considers the
following types of forest fires: low and high intensity
surface forest fires, crown forest fires and firestorms
[23]-[26]. Meteorological characteristics correspond to
the parameters on the territory of the Republic of
Buryatia (Russian Federation) [27], [28]. Thus, the goal
of the study can be formulated. The aim of the work is
the mathematical modeling of heat transfer in the
structures of a passenger carriage under the influence of
radiation from a forest fire front.

The rest of the article is organized as follows. II.
Background, III. Research Object, IV. Mathematical
Statement, V. Results and Discussion, VI. Conclusion.
Current published results on forest fire impact and
constructional materials are described in the Background
section. Research object (railway carriage) is described
in the Research Object section. Physical and
mathematical models are described in the Mathematical
Statement section. Key findings and obtained
dependences are described in the Results and Discussion
section accompanied with some considerations and
discussions. A summary of research and further
developments are described in the Conclusion section.

Introduction

I1.

The analysis of the literature shows that there is a gap
in the study of forest fires near railways, especially in the
context of the impact of forest fires on the rolling stock
of the railway. Some significant works in the field of
forest fire analysis near railways are considered. The
analysis shows that there is no work that would
summarize such research and information on fire
incidents. [29], which presents the history of forest fires
on the railroad in the forests of Ontario (Canada), is
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particularly noteworthy. In fact, this is the only full-
fledged work on this topic. Even in the early works of the
last century [30], it has been indicated that the railway is
the most frequent cause of forest fires. The authors of
[29] have noted that in connection with the development
of railway transport technologies, there has been a
decrease in fire incidents caused by the action of this
factor. On the other hand, [31] has noted that by 1946 the
number of forest fires on the railroad in Canada has
doubled due to the development of delivery and
industrialization. In 1955 [32], a decrease in the number
of forest fires on the railway was again noted. In 2007, it
was noted that forest fires on the railway are still an
unsolved problem [33]. In [29], in continuation of work
[34], the occurrence of forest fires has been investigated;
furthermore, the area covered by the fires, and the
activity of the railway have been analyzed. It is noted
that the transition from solid fuel (coal) to liquid (diesel)
has not provided a complete cessation of forest fires on
the railway. The authors of [35] cite the main causes and
the sources of ignition of forest combustible materials on
the railway: the action of brake pads (40.7%), sparks
from the exhaust pipe of a locomotive (21.4%), metal
cutting on the railway (4.8%), butts of railway
employees, etc. passengers (4.5%), fires from fuses and
torches (3.5%), fires on railway lines (3.7%), mechanical
equipment (2.6%) and a number of other reasons. 6.1%
of forest fires have not been identified due to the fire
reasons. The assessment of the reliability of buildings
and structures is one of the main tasks of modern
industry [36]. In recent years, various methods have been
developed to assess the reliability of structures [37]-[43].
An integral property of synthetic polymeric materials
is their flammability [44]-[46]. The classic way to reduce
the flammability of such materials is to add flame
retardants to the composition of these materials. It has
been shown that combustion retarders reduce the speed
of flame propagation and the severity of the fire [47].
Various standard methods are used to test the fire
danger of polymers [48]-[50]. In addition, several
mathematical models have been developed to study the
pyrolysis of materials, for example, Fire Dynamic
Simulator [51]-[53], ThermaKin [54]-[56], Gpyro [57]-
[59]. These mathematical models have been used to
obtain the characteristics of pyrolysis of various
combustible materials [60]-[63]. All these models require
the use of the full set of material properties in order to
calculate the formation of pyrolysis products [44]. These
models use chemical kinetics, thermodynamics, and
transport of pyrolysis products. At the same time, other
studies are known to develop a systematic methodology
for assessing the pyrolysis of combustible materials [60]-
[71]. Tt should be noted that composite materials with
high flammability are widely used in civil engineering
and transport in the form of sandwich panels [72]-[75].
In addition, sandwich panels are used in conjunction
with wood and metal materials [76]-[83]. Thermal
stresses are the main cause of glass breakage in windows
when exposed to fire or radiant heat flux [84]-[87].
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Previously published papers show the results of glass
destruction when exposed to solar radiation [88], [89].
The impact of fire or intense radiant heat flux on glass
leads to its non-uniform heating and subsequent
destruction [84]. There is an unambiguous similarity in
glass shattering when exposed to solar radiation and fire.
However, under conditions of exposure to fire, the
density of radiant heat flux is much higher than under
exposure to solar radiation. Research on the destruction
of glass under the influence of fire has been carried out
earlier, both theoretically and experimentally [90]-[95].
When assessing the destruction of glass under fire
conditions, both convective and radiant heat fluxes from
the fire flame should be taken into account. This should
be taken into account when simulating the direct problem
of heat conduction. The second process is mechanical
destruction of glass. Various works use the Pagni
criterion [94]-[99], when it is taken into account that the
voltage is directly proportional to AT. AT is the
temperature difference between the heated area of the
glass and the cold edge of the glass. The theoretical value
AT = 80 °C is the limit at which glass breakage begins
[97]. When the Pagni criterion is used, temperature is an
important parameter for assessing the time when glass
breaks. There are restrictions on the use of the Pagni
criterion. First, this criterion has been developed for the
uniform effect of elevated temperature or radiant heat
flux on glass [100]. The second limitation is that the
Pagni criterion does not use glass characteristics, which
can be different in the production of glass of the same
brand or type.

III. Research Object

The object of the study is a passenger carriage, typical
for the rolling stock of Russian Railways. Figure 1 shows
the appearance of a typical passenger carriage. Figure 2
shows a plan of a passenger carriage of Russian
Railways. In Figure 2, numbers indicate [102]: 1 -
enclosed platform; 2 - boiler room; 3 — wareroom; 4 —
passage; 5 - staff coupe; 6 - conductor coupe; 7 — coupe;
8 — window; 9 — passage; 10 — WC; 11 - second enclosed
platform. The subject of the study is heat transfer in the
structures of a passenger carriage due to the effect of
radiant heat flux from the forest fire front. The paper
considers the following types of forest fires: low- and
high-intensity surface forest fires, and crown forest fires
[103]. The scenario of a low-intensity surface forest fire
is described by the following parameters [104]: 7~=900
K, v=0.015 m/s. The scenario of a surface forest fire of
high intensity is described by the following parameters:

_TUTTTTTNI

=l = AW .

T=1000 K, v~=0.05 m/s. The scenario of a crown forest
fire is described by the following parameters: 7=1100 K,
v~=0.33 m/s.

IV. Mathematical Statement

Figure 3 shows a diagram of the solution area. The
mathematical model is built taking into account the
following physical assumptions:

- Heat transfer in the building envelope is due to
conduction, because monolithic structures have been
used in computational experiment;

- The only damaging factor of a forest fire is
considered, namely, radiant heat flux, due to
insufficient distance to take into account convection
movement of flame;

- A two-layer structure of the carriage wall is
considered due to Pagni criterion limitations;

- The glass unit is considered as a single-layer system,
because monolithic structures have been used in
computational experiments;

- Thermophysical characteristics of materials do not
depend on temperature due to the averaged
parameters used to simulate heat transfer;

- The wall of the carriage is considered to be made of
metal with internal finishing with polymeric
materials, because this structure is described in
technical documentation on passenger carriages;

- The monolithic structure of all the elements of the
enclosing structure is considered to simplify the
computation procedure and to satisfy Pagni criterion;

- The optical characteristics of the surface of the
carriage wall are not taken into account;

- Parametric modeling of the propagation of a forest
fire front at a given speed is considered to decrease
significantly the total computation time.

Fig. 1. External view of a passenger carriage
of JSC Russian Railways [101]

Fig. 2. Scheme of a passenger carriage [102]
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Fig. 3. Solution area diagram

Mathematically, the heat transfer process is described
by a system of non-stationary nonlinear differential
equations of heat conduction with the corresponding
initial and boundary conditions. The finite difference
method is used to solve partial differential equations.

Difference analogs of differential equations have been
solved by the marching method [105], [106]. The
mathematical model is presented below. The system of
transient heat transfer equations is:

o, 0 oT, 0 oT
p1c1—1=—(x1 —1j+— M —+ ()
ot Ox ox ) Oy oy
or, o oT. 0 oT.
Prcy —= _(7\2 _2)4‘_ hy —= (2)
ot ox X oy y
oT, 0 oT, 0 oT-
p3c; — _[7“3 _3j+_ Ay —= (3)
ot Ox X Oy Yy
or, 0o T, 0 oT,
P4C4_4:_(7“4_4 |y “4)
ot Ox X oy Yy
Initial conditions:
i|t=0 = 7;0 ®)
Boundary conditions
B0.1 —xlﬂ =qy (6)
x=0
B02:T, =T, (7)
oT,
B03: -\ —1  =gq, 8
1 ox - 95 ®
Bl.l:—klﬂ =0 9
y=0
Bl.2: A, —2 LE] I (10)
Oy =0
B2.1: -\ — 9h) (1)
Oy =0
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T.
B2.2: -\, —2 T =0 (12)
oy =0
oT.
B3.1: _)“2 - OLin( TZ) (13)
x=0
or.
B3.2: 7\‘3 X =Wy (I:n_T3) (14)
Ox x=0
oT.
B3.3- 7\’2 =2 = m(Y;n TZ) (15)
x=0
B4.1: -\ —+ aTl =—h,—= % , =T, (16)
x=xb ax =xb
T.
B42: -\, —2* 6T4 —x3a—3 T,=T, (17)
x=xb Ox =xb
B43: ) — aTl =—h,—= % , =T, (18)
x=xb ax =xb
B5.1 —xlﬂ — , T,=T, (19)
ay y=xb ay y=xb
T. T,
B5.2: x282 _—x3a—3 , T, =T, (20)
6_)/ y=xb ay y=xb
B6.1: -\, —* O _, % , T,=T, (21)
ay y=xb ay y=xb
oT. T
B6.2: Ay —> _—xza 2, L=, (22)
y=xb ay y=xb

The computational formula to determine g for surface
forest fire influenced on carriage surface [104] is:

xf
= +— /2 23
q g (qfd 504 q m j (23)

The computational formula to determine g, for crown
forest fire influenced on carriage surface [104] is:

q g =(qfd

These equations have been obtained as a result of data
processing on incident heat flux from forest fire resulted
in [10]. These equations are the best fit to experimental
data [10].

exp f

10d 4

qﬂ,j/z
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The computational part to determine heat flux depends
on distance to forest fire [10]:

g4 =1000x326.37 exp(~0.2791xf) (25)

The computational part to determine heat flux depends
on height of forest fire [10]:

g, =1000x(16.636xf +29.772) (26)

A Dbrief description of computational procedure is
done as the following instructions [107]. The first stage
is a setting-up of parameters (thermophysical,
geometrical and thermochemical characteristics) and
initial data. At present, air temperature can be used as
initial temperature for all three layers of birch leaf. In
addition, at this stage time exposure and forest fire front
temperature can be defined. This stage is also used to
determine spatial and temporal step for computational
mesh.

At present time uniform discretization is used both for
spatial and temporal coordinate. The next stage is
computational circle within time exposure consisting of
two sub-circles to compute in x and z directions, while
another coordinate is fixed. Thus, each sub-circle has
computed a set of one-dimensional tasks of heat
conductivity in x and z directions. Each one-dimensional
task can be described as a sequence of forward and
backward run for marching method. Forward run begins
from the computation of the first run-through coefficients
using left boundary conditions, then the computation of
all the coefficients is processed. Backward run begins
from computational right temperature wusing right
boundary conditions, then computation of all the
temperature distribution on definite direction is
processed.

It should be taken into account that a simple iteration
method is used to resolve nonlinear terms of equations at
each sub-circle. After computational procedure is
complete, the results are written in data files.

Computational procedure is realized in RAD Studio
Software using Delphi high level programming language
[108]. Then these data files are analyzed and visualized
using Origin Pro software [109].

V. Results and Discussion

In this work, a scenario simulation of the impact of
forest fires on the structure of a passenger carriage is
carried out.

Scenario 1: the impact of a low-intensity surface
forest fire, taking into account the meteorological
conditions typical for the summer forest fire danger.

Figures 4 show the temperature fields in the enclosing
structure of a passenger carriage for the scenario of the
impact of a low-intensity surface forest fire.

Scenario 2: the impact of a surface forest fire of high
intensity, taking into account the meteorological

Copyright © 2021 The Authors. Published by Praise Worthy Prize S.r.1.
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conditions typical for the summer period of forest fire
danger. Figures 5 show the temperature fields in the
enclosing structure of a passenger carriage for the
scenario of the impact of a high-intensity surface forest
fire.

Scenario 3: the impact of a crown forest fire, taking
into account the meteorological conditions typical of the
summer forest fire danger. Figure 6 shows the
temperature field in the enclosing structure of a
passenger carriage for the scenario of the impact of a
crown forest fire.

A
=

0,040

3160

0,035
0,030
- 3134

0,025
- 3108

. 0,020

- 3082

0,015 - 3057

0,010 3031

0,005 300,5

0,000 2030

0,00 0,25 0,50 0,75 1,00 1,25 1,50

1,76 2,00 2,25

y, m

(a)

0,040

0,035

- 3160

0,030
3134

0,025
- 3108

~ 0,020
- 308,2

0,015

- 3057

0,010

0,005

0,000
0,00 0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00 2,25

y, m

(b

t- 3065

I~ 304,0

0,00 0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00 2,25

y, m

(©)

Figs. 4. Temperature fields in the enclosing structure of a passenger
carriage for the scenario of the impact of a low-intensity surface forest
fire: (a) 125 s; (b) 300 's; (c) 425's
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Figs. 5. Temperature fields in the enclosing structure of a passenger
carriage for the scenario of the impact of a high-intensity surface forest
fire: (a) 125 s; (b) 300 s; (c) 425 s
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Fig. 6. Temperature field in the enclosing structure
of a passenger carriage for the scenario of the impact
of a crown forest fire at 75 s exposure
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In this article, a parametric modeling of a forest fire
has been used. The calculation of the distance from the
forest fire front to the outer surface of the passenger
carriage wall is carried out. The calculation time is
selected over 50 seconds. It is considered that this is a
sufficient calculation time interval in order to take into
account the movement of a passenger carriage along the
railway at different speeds. The analysis of the results in
Figures 4 shows that when exposed to a low-intensity
surface forest fire, the radiant heat flux from the edge of
the fire does not lead to any dangerous heating of the
structures of a passenger carriage during its typical
movement along the perpendicular to the line of
movement of the carriage. Even on the surface of the
carriage, the temperature by the end of the impact does
not exceed 300 K. Therefore, under the scenario of the
impact of a low-intensity surface forest fire, there is no
danger of thermal injuries or the fire of the inner lining of
the carriage. This is a relatively safe scenario for the
impact of a forest fire on a passenger carriage. The
analysis of temperature distributions shows that the Pagni
criterion is not met and the glass remains undisturbed at
various times of exposure to radiant heat flux from the
front of a low-intensity surface forest fire. The analysis
of the results in Figures 5 shows that when exposed to a
high-intensity surface forest fire, the radiant heat flux
does not lead to dangerous heating of the passenger
carriage structures for the indicated period of exposure.

Only on the surface of the wall of a passenger, a
carriage temperature of 380-400 K is reached. However,
it should be noted that the speed of advancement of the
front of a surface forest fire of high intensity is relatively
low and this determines the fact that there is no
significant heating of the structural materials of the
passenger carriage. In the event of a strong deceleration
of the train movement or its complete stop, the period of
exposure to a surface forest fire of high intensity may be
higher and, accordingly, the temperatures in the structure
of constructional materials of a passenger carriage will
also be higher. Therefore, it should be considered that the
scenario of the impact of a high-intensity surface forest
fire is potentially dangerous. When exposed to a radiant
heat flux from the front of a forest fire for a short time,
no glass breakage is observed. At times above 125
seconds, the temperature difference AT is already greater
than 80 K and, accordingly, the destruction of the glass
material in the passenger carriage should be observed.

The analysis of the results in Figure 6 shows that in
the event of a crown forest fire, the structural materials of
the passenger carriage warm up quite well along the
depth of the wall. Moreover, in the near-surface layers,
they reach temperatures at which wood-glued and
polymer materials are subject to thermal decomposition.

This, at least, can lead to the poisoning of passengers
and employees serving the carriage during this period. In
case of prolonged exposure and damage to the windows
in the passenger carriage, a fire may develop. Therefore,
the scenario of the impact of a crown forest fire is
dangerous and the passengers of the train should be
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evacuated. In the scenario of a crown forest fire, the
thermal effect will always be accompanied by glass
breakage. Thus, the analysis of the results of the work
done makes it possible to establish three levels of danger
of the impact of forest fires on a passenger carriage on
the railway. The safest scenario is the impact of a low-
intensity surface forest fire, when structural materials and
glass in the passenger carriage warm up slightly and
there is no danger of a fire inside the passenger carriage.
In this case, other damaging factors of the forest fire,
for example, the formation of soot particles, can pose a
danger. However, this is the subject of a separate study.
The scenario of the impact of a surface forest fire of
high intensity is a potentially dangerous scenario, since
with prolonged exposure to a radiant heat flux from the
front of a high-intensity surface forest fire, there may be
significant heating temperatures for the interior of the
carriage. This can lead to their thermal decomposition
and, as a result, to the poisoning of passengers and
railway employees who are in the passenger carriage. In
addition, with prolonged exposure to radiation, glass in
the passenger carriage may break and, accordingly, the
radiant heat flux will directly affect the people in the
passenger carriage. It is also possible that the convective
heat flow and the burning particles escaping from the
forest fire front directly affect the structural materials
inside the passenger carriage and the people in the
carriage. The scenario of the impact of a crown forest fire
is unambiguously dangerous and it is accompanied by
both thermal destruction of the interior trim of the
passenger carriage and the destruction of glass in the
carriage window. As a result, passengers and employees
of the railway in a passenger carriage will be exposed to
the whole range of damaging factors of a forest fire. Only
evacuation can help preserving the health and life of
passengers and railway employees in the carriage in this
scenario of the impact of a crown forest fire. This work
opens in the future a whole block of studies on the
impact of damaging factors of forest fires on the
structural materials of a passenger carriage and the
people in it. The results obtained in this work and the
ones expected in future studies will create a physical
basis for the development of software for fire safety
systems for rolling stock on the railway. In addition, it is
necessary to develop physical and mathematical models
for analyzing fire safety when forest fires affect other
types of cars in the rolling stock of the railway. In
particular, it is necessary to develop such models for cars
that are used to transport potentially dangerous goods
and flammable liquids and materials. It is necessary to
conduct a critical analysis of the results obtained and the
proposed mathematical model of heat transfer in the
structure of a passenger carriage. First, it should be noted
that the indisputable advantage of this work is the
fundamental possibility of simulating the impact of
various forest fires on a passenger carriage. No similar
works have been found in scientific periodicals. This is
because there are no mathematical models that would
take into account the processes occurring in the forest
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fire front when it affects a passenger carriage. In this
work, the analytical dependences [104], which have
made it possible to calculate the parameters of the
thermal effect of a forest fire on a passenger carriage, are
used. The use of the specified parameterization of a
forest fire is also an advantage of this mathematical
model, since the time for calculating the parameters of a
forest fire does not have a noticeable effect on the total
time for calculating heat transfer in the structure of a
passenger carriage. For example, the general
mathematical model of a forest fire [7] is known.
Simplified mathematical models derived from this
mathematical model require a sufficiently powerful
calculator for their software implementation. Thus, the
proposed mathematical model opens up prospects for the
development of information and computing systems for
fire safety of rolling stock on the railway. It is also
necessary to discuss the limitations of the proposed
mathematical model of heat transfer in the structure of a
passenger carriage when exposed to forest fires. The
proposed mathematical model uses the Pagni criterion to
assess the destruction of a glass unit in the wall of a
passenger carriage. The limitations of the proposed
mathematical model follow from the limitations of the
Pagni criterion used. This criterion cannot be applied in
cases where the density of the radiant heat flux incident
on the wall of the passenger carriage is locally not
uniform. Thus, now it is impossible to apply the
developed mathematical model in a three-dimensional
setting, since it is necessary to generalize the Pagni
criterion for the case of non-uniform thermal effects. The
second limitation is related to the application of formulas
for parameterization of a forest fire [104]. These
formulas are valid only in the range of distance from the
forest fire front to the object from 0 to 20 meters. For
other values of the distance from the forest fire front to
the object, the formulas will give an incorrect result in
terms of the magnitude of the radiant heat flux.
Therefore, it is only possible to carry out scenario
modeling on the impact of a forest fire on a passenger
carriage. It is impossible to organize continuous
monitoring with constant tracking of the movement of
the forest fire front from its place of ignition to the
object. It is necessary to verify the results obtained in this
work. A direct comparison of the results obtained with
previously published results is impossible, since similar
results on the study in the wall of a passenger carriage
under the influence of a forest fire have not been
published so far. As already mentioned, one of the main
reasons is the impossibility of simulating the conditions
of the thermal effect of a forest fire on a passenger
carriage. However, a qualitative comparative analysis of
the results of modeling heat transfer in the wall of a
passenger carriage and in the enclosing structures of a
wooden building can be carried out [104]. A comparative
analysis of the results shows that there is a qualitative
agreement of the results, both in spatial coordinates and
in time. The quantitative differences are due to different
thermophysical characteristics of wood-glued materials
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and structural materials used in the manufacture of a
passenger carriage. Thus, this paper presents the results
of mathematical modeling of heat transfer in the
structures of a passenger carriage. The scenarios of the
impact of low and high intensity surface forest fires, as
well as crown forest fires are considered. Modeling has
shown that a low-intensity surface forest fire represents a
relatively safe forest fire impact scenario, while a high-
intensity surface forest fire impact is a potentially
dangerous impact scenario. The scenario of the impact of
a crown forest fire is unambiguously dangerous. An
important point is the fact that in some cases it is possible
to break glass in the window of a passenger carriage.

This leads to the fact that people inside the carriage
can be exposed to the whole range of damaging factors
of a forest fire. Further comprehensive work is required
to create physical and mathematical models of the impact
of forest fires on other types of cars in the rolling stock
of the railway. The results obtained can be used to create
software for monitoring and predicting the fire safety of
rolling stock in case of forest fires near the railway.

VI.

In this work, a new physical and mathematical model
of heat transfer in the wall of a passenger carriage under
the influence of a forest fire is proposed. A parametric
modeling of the front propagation of various types of
forest fires has been carried out. Three types of fires are
considered: surface forest fires of low and high intensity,
as well as a crown forest fire. The main advantage of the
proposed mathematical model is the ability to simulate
heat transfer conditions in the wall of a passenger
carriage when exposed to a forest fire. The conditions
and the degree of fire safety of the impact of forest fires
on the structure of a passenger carriage have been
established. The most dangerous scenario is the impact of
a crown forest fire, when both direct thermal effects and
emissions of pollutants pose an immediate danger to
passengers.

The Pagni criterion has been used to assess the
conditions for the destruction of a glass unit in the wall
of a passenger carriage. The limitations of the criterion
lead to the limitations of the proposed mathematical
model, namely, the impossibility of wusing the
mathematical model in a three-dimensional setting.

The proposed mathematical model of heat transfer in
the wall of a passenger carriage opens up prospects for
the development of information and computing systems
for predicting, assessing, and monitoring the fire safety
of railway rolling stock under the influence of forest
fires.

Conclusion
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