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Abstract: The present work is devoted to the theoretical study of heat transfer in the enclosing
structures of a wooden building exposed to the front of a forest fire. In the general case, the following
effects could be distinguished: The direct effect of a forest fire flame, the effect of convective and
radiant heat flux, and the removal of firebrands from the front of a forest fire. In this paper, only
building enclosures were considered to be exposed to radiant heat flux from the front of a forest fire.
The scenarios of the impacts of low- and high-intensity surface forest fires and crown forest fires
were considered, taking into account the parameterized structure of the fire front, as well as various
cladding materials and the time of the forest fire. As a result of mathematical modeling, temperature
distributions over the surface and thickness of the cladding material were obtained, and ignition
conditions were determined based on experimental data. The proposed simplified mathematical
model and the obtained results can be used in the practice of protecting industrial facilities or rural
settlements from forest fires. Particular attention should be paid to the potential use of the results in
the Information System for Remote Monitoring of Forest Fires, ISDM-Rosleskhoz, in conjunction with
geo-information technologies and methods of remote monitoring,.
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1. Introduction

Forest fires are a catastrophic phenomenon that causes ecological, economic, and social damage [1].
The first is expressed in the amount of damaged or dead commercial timber, as well as in damage
from the destruction or damage of rural settlements or industrial objects, which has taken place in
the last decade [2]. Societal damage is expressed in the number of people injured or dead in forest
fires. In Wildland-Urban Interface (WUI) zones, residential buildings can be involved in combustion
processes [3]. The main impact of a forest fire is directed on the enclosing structures of a residential
or industrial building. The main mechanism of heat transfer in this case is radiant heat transfer [4].
Conducting large-scale experiments is either prohibited or difficult due to the inability to control
all of the parameters of the process [5]. To date, a sufficient number of software development and
computing systems have been created; for example, Microsoft Visual Studio, RAS Studio, Matlab,
and ANSYS [6-9]. Such systems can be used to develop computing programs that simulate the heat
transfer process in the enclosing structures of a residential or industrial building.

The use of computer systems will eliminate the possibility of dangerous and expensive experiments
on the effects of forest fires on residential and other buildings in a rural community or industrial
facilities. In addition, it is possible to carry out scenario modeling to assess the consequences of various
options for the impact of a forest fire on residential and other buildings.

Forest fires are of various types, namely low- and high-intensity surface forest fires and crown forest
fires. Each forest fire is characterized by the height of the flame front, the speed of propagation, and the
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distance to an industrial facility or rural settlement. The average propagation speeds include [10]:
Surface forest fire of low intensity—0.015 m/s; surface forest fire of high intensity—0.05 m/s; crown
forest fire—0.33 m/s. The front of the fire, as a rule, has an elongated ovoid shape. Residential buildings
or auxiliary premises of an industrial facility can have various characteristics, including building
material, cladding material, and surface painting in various colors [11].

This work is aimed at studying the effects of forest fires on buildings in forests near Lake Baikal
(Republic of Buryatia, Russian Federation) [12]. Forests of the Baikal Territory have recreational and
tourist significance, and for this reason, campsites are also located on this territory. The buildings of
such campsites are also made of wood and wood-glued materials. It is important to understand how a
forest fire affects such buildings in order to be able to assess their fire safety.

Studying the fire safety of such buildings is important. On the one hand, campsites are sources of
anthropogenic pressure on forested areas [13]. On the other hand, forest fires can threaten the normal
functioning of industrial facilities and campsites in this wooded area.

The purpose of this study is the mathematical modeling of heat transfer processes in the building
enclosures of a wooden building when exposed to radiation from the front of a forest fire, taking into
account the characteristics of building materials and the characteristics of a forest fire for sustainable
functioning and development of rural settlements, industrial facilities, and recreational areas within
WUI zones.

2. Background

A huge number of both individual residential buildings and entire settlements are affected by
forest fires every year, especially in areas where buildings are integrated into the forest [14]. Over the
past ten years, forests have continued to be intensively developed with buildings for various purposes,
and in the future, this area will increase [15,16]. For these regions, a significant hazard is the risk of a
forest fire, which can be caused by both natural and man-made factors [17,18].

In order to start discussing measures to reduce the risk of forest fire exposure through control of
forest fuel, it is useful to classify land into three zones [19]:

1.  Wildlife areas that are inaccessible to humans; as a result, the risk of fire for man-made reasons is
minimal. Monitoring the state of forest fuel can be applicable as a part of preventive measurements
against forest fires. Such measures can help to manage forest fire danger situations and reduce
fire severity in the future.

2. The main areas of forest management, including more accessible areas of forest, as well as areas
with commercial wood.

3.  Residential areas; these are plots where the borders of houses are in contact with the borders
of the forest. Often, control over forest fuel is aimed at protecting places of mass settlements
and infrastructure.

The second and third zones can be further conditionally divided into three risk-reduction
groups [20]:

e Single units and adjoining surroundings.
e  Borders between settlements and wild vegetation.
e  Wild vegetation between settlements.

The need to prepare for forest fires has led to the fact that, over the past 30 years, computer
technologies have been introduced into the processes of modeling fire behavior [21], determining the
locations and states of accumulation of forest fuels [22,23], and creating complex risk maps for forest
fires in large areas [24,25].

Such advancements in the field of cartography were realized to a large extent due to various
geospatial technologies, including geographic information systems (GIS) and remote sensing.
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These technologies make it possible to conduct an economic assessment of various landscape features
without lengthy expeditions to the study area [26].

Although the cost and risk of fires at WUIs increased significantly [27,28], no tools were developed
to solve the problem of the occurrence of these fires [29]. When modeling fires, the researcher encounters
the problem that the length and time frame associated with wildfires and fires in the WUISs are in a wide
range of values, ranging from millimeters and tenths of a second to tens of kilometers and days [30].

Recently, work in the field of modeling the effects of flames on wooden structures has been
gradually moving from probabilistic to deterministic modeling. In this case, modeling of structural
elements of buildings is possible.

So, for example, in [31], a numerical simulation of the keyed connection was performed;
the obtained results were in good agreement with the previously obtained experimental data. This fact
indicated that the component model can simulate wood compounds under fire exposure with high
accuracy. In [32], a wooden joint of two beams was modeled—a dovetail joint. The finite element
method was chosen as the research method; modeling took place in the ANSYS software environment.
The results obtained were in good agreement with the previously obtained experimental data.
A criterion known as Tsai-Wu, which, at room temperature, is useful for modeling and predicting
failure times, is useless with a burning time of more than 30 min.

Reference [33] is devoted to the creation of a mathematical model of the structural behavior of
wooden columns in a fire to assess the bearing capacity of wooden columns. Particular attention
was paid to critical bending loads. The dependences of the effect of the coefficient of elasticity, load
level, and water content on critical bending loads were obtained. Prior to this, full-scale firing tests of
the columns [34,35] were carried out; however, they had a number of drawbacks, such as the high
cost, reproducibility, and reliability of the results described in [36]. Therefore, in this field of research,
analytical, numerical, semi-empirical, and empirical methods are actively developing.

The rapidly deployable instrumentation packages described in [37] proved to be suitable for
measuring environmental characteristics, such as air temperature, wind direction and speed, and relative
air humidity near the structure, as well as for representing the ignition structure. Directional Flame
Thermometers (DFTs) were acceptable for measuring total heat flux.

However, probabilistic models continue to evolve, supplemented by new dependencies. In [38],
a fire propagation model was built inside a building based on a Bayesian network with a known fire
source, as well as the probability of flame propagation using the joint probability distribution of the
Bayesian network.

Experimental studies of failure times for various floor materials were presented in [39]. In this
work, several floor systems were studied for real fire scenarios. The data obtained can be used in
dynamic risk assessment systems that will help fire departments in fighting fires.

An experimental study of combustion of transversely laminated wooden structures presented
in [40] showed the influence of the properties of the glue used for gluing wooden structures. Depending
on the properties of the adhesive, the roll-off of parts of a burning layered structure leads to an increase
in the carbonization rate in comparison with a homogeneous wooden structure. In cases when the
burning layers did not fall off, the behavior of fire was similar to that of fire when burning homogeneous
wooden structures.

In [41], an experimental study of flame propagation in an urban environment was conducted.
This work was carried out to obtain data on the height of the flame after burning the roof of a wooden
building for computational models. A conversion factor was introduced into one of the standard
flame height models, taking into account fresh air inflows through leaks of building structures due to
pressure differences inside and outside the building. This model reflects a general change in flame
height as a function of time, with quantitative agreement being unsatisfactory.

In [42], experiments were carried out to measure the time of uncontrolled ignition, the incident
heat flux, and the temperature of a rear surface of spruce. The data were obtained in combination
with a numerical model of heat transfer to determine the unsteady temperature distribution in each
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sample when the surface temperature reached a critical value sufficient for ignition. The ignition
models proposed in [43,44] were further generalized models to predict the ignition of solids at an
experimentally determined minimum incident heat flux [45,46].

The work of [47] presents the EcoSmart Fire software, which is designed to simulate the ignition
of buildings in WUI zones. The software allows the user to simulate the pilot ignition of buildings as a
result of exposure to radiation heat flux. The program predicts the building’s ignition from a cylindrical
forest fire, which can affect walls and roofs. It should be noted that the use of foreign software may be
prohibited on the territory of the Russian Federation in accordance with the legislation of the country
regarding security issues. It is necessary to develop our own software for assessing the fire safety of
industrial facilities and rural settlements.

The work of [48] describes the procedure for modeling heat transfer in cross-laminated timber
panels that are exposed to fire. The procedure was implemented in Abaqus software [49]. For modeling,
the finite element method was used.

In Reference [50], a joint model of heat and mass transfer was used to analyze the process of heat
exposure to wood in the temperature range of 200260 °C. A rather complex mathematical model was
considered that takes into account the multi-stage pyrolysis process. First, the thermal decomposition
of wood into char, tar, and gases was considered. In the second stage, the tar decomposes into char
and gases. Separately, the components of wood were considered: Hemicellulose, cellulose, and lignin.

In [51], a three-dimensional non-stationary mathematical model was considered, which was used
to model the effect of high temperature on wood. The model is based on Luikov’s approach. As a
result of numerical implementation, heat and mass transfer equations were jointly solved. Using this
mathematical model, temperature and moisture content curves of wood were obtained as a function
of time.

In [52], a model of oxidative pyrolysis of wood was considered. A generalized pyrolysis model
(Gpyro) was applied to modeling of the oxidative pyrolysis of wood. A system of equations for
calculating temperature, mass fractions, and pressure curves inside decaying wood was solved. The
model takes into account four heterogeneous reactions (gas/solid) and two homogeneous reactions
(gas/gas). In addition, the diffusion of oxygen from the environment into a decaying solid was modeled.
A genetic algorithm was used to extract the necessary data on material properties from experimental
data for heat fluxes of 25 and 40 kW/m? and oxygen concentrations of 0%, 10.5%, and 21% by volume.

3. Methodology

As a method for numerically solving the differential heat in Equation (1), the finite difference
method was used. This method is described in detail in [53,54].

daT  d(,dT d(,dT d(,dT

An implicit difference scheme was used for the solution. The left boundary condition was used to
determine the running coefficients @ and § from the relation T1 = a3 - T, + 1. The right boundary
condition is used to determine the temperature at the boundary x = L; for the number of nodes N,
the temperature at the boundary will have the form Tn(K). The boundary conditions were discredited
with the first order of accuracy. It is assumed that the front of a forest fire is approaching the structure
on the left side. Convection-radiation heat transfer at the boundary of the building enclosure is
considered, as is an approximation on the left and right boundaries.

On the left border x = 0:

aT
_Alﬁ

— a(Ty-Ty) + sa(T;% - Tgl) +q. @)

x=0
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Then,
__Mh
ar = A +ha’
haT p+eah(T4-T4 ) +hg ®)
ﬁl = A +ha

At the border between the cladding and part of the facade, it is necessary to set the boundary
conditions of the fourth kind. The air slot, in the vast majority of cases, does not affect the heat transfer
in the cladding material, since it is located outside the range of significant temperature changes in the
thickness of the building enclosure. At the layer boundary x = L, (some i-th node):

L Ay
A = A (- )’ @)
B = M-Bir_1

! Ag+Ar(1-ap )"

On the right border, it is necessary to take into account the influence of the internal space on the
wall temperature. It will be logical to set the boundary conditions of the third kind, which describe the
convective heat transfer of the wall and the inside of the house. At the boundary x = L:

AyBn-1 + hk-T¢?
N = .
hk+A(1—an_1)

©)

It should be noted that, in the left boundary condition, there is a nonlinear term responsible
for heating the surface according to the Stefan—Boltzmann law. Therefore, it is necessary to use,
for example, the simple iteration method. To solve the difference analogs of three-dimensional
differential heat equations, the locally one-dimensional Samarskiy method [53,54] was used—when
three blocks are allocated in the algorithm for one-dimensional calculation of temperature according to
the corresponding spatial coordinate. A three-dimensional model was used to take into account forest
fire properties of the height and width of the front. Figure 1 shows a diagram of the algorithm for the
numerical calculation of temperature in a two-layer building enclosure in a three-dimensional setting.

Based on these equations, a software implementation was made in the high-level language Delphi.
A total of 100,000 nodes took part in the calculation. This number was chosen to reduce the statistical
error, since the first order of accuracy was chosen to discredit the boundary conditions.

The surface temperature obtained when calculating at 107 nodes, which amounted to 966.5 K,
was taken as a reference value, since with a further increase in the number of nodes, the relative error
is less than 0.01%. This value was obtained under conditions of an exposure time of 200 s, an initial
distance of 20 m, a front movement speed of 3 m per minute, and veneered plywood lining.

As can be seen from Table 1, when the number of calculation nodes reaches 10°, the error is only a
fraction of a percent; however, their further increase leads to a significant increase in the duration of
the program implementation.

Table 1. Comparison of the temperature values for a different number of nodes on the 1D variant.

Number of Nodes N Surface Temperature T(1), K Relative Error 9, % Execution Time, s
102 1262.5 427 0.022
103 990.2 3.4 0.052
104 968.8 0.3 0.331
105 966.7 0.03 3.083
100 966.6 0.01 30.6

107 966.5 0 306.6
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4. Physical and Mathematical Models

As a physical model, a single-apartment wooden building was taken, located near a forest fire.
The front of the fire spreads at a low speed in the absence of wind. The enclosing structures of this
building are presented in the form of a two-layer plate. The first layer is cladding, the second is wood.
Heat from the front of a forest fire is transmitted to the wall by thermal radiation. The main safety
parameter of a wooden structure is the fact of ignition (or non-ignition) of the enclosing structure of
the wooden building when a sufficient surface temperature is reached. The following assumptions
were made:

e  There is a thermal conductivity mechanism in the enclosing structures;

e  Three-dimensional setup;

e  The fire front’s shape is a parabola;

e  The thermophysical properties of the building materials do not depend on temperature;

e  The paint layer is taken into account using an absorption coefficient; The catastrophic scenario of
fire weather is assumed when there is no moisture in the surface layer of the wall;

e  Wood pyrolysis is ignored;

e  The main heat transfer mechanism from the fire line to the building is thermal radiation;

e  The forest fire front’s temperature is taken into account using the Stephan—Boltzmann Law;

e  The building foundation has a temperature equal to the soil layer’s temperature;

e  Theheight of the forest fire front is taken into account on each spatial step from the original distance;

e  All cladding materials have their own radiation reflection coefficients;

e  The forest fire front’s impact on the wall is set by gy and T.

The Republic of Buryatia belongs to the third zone of zoning of climatic conditions according to the
building rules of the Russian Federation [11]. This is a dry zone. In addition, a catastrophic fire weather
scenario is assumed when moisture in the wood is practically absent. These are the most typical
conditions for the occurrence of catastrophic forest fires in the Baikal territory [55]. Building rules
regulate thermophysical characteristics as independent of temperature. This is an official document
that is used in the development of construction documentation for any object in the Russian Federation.
In addition, wood moisture significantly affects the values of thermophysical characteristics at a
level of 20-30%, and this is no longer a catastrophic scenario for the development of a fire danger
situation. Therefore, at this stage of the simulation, the thermophysical characteristics are independent
of temperature. The geometry of the decision area is presented in Figure 2.

The mathematical model is described by system of transient heat transfer equations:

ary  d(, Ty d dT1 d (. dIy
Pergr = 8x(/\1 o )+ ay()‘l 9y )+ az(Al 7z ) (©)
dT, d(, dT, d aT, d (., dT,
pre275y = a(“x) + @(Azw) - g(hz)' @)
Initial conditions:
Tili—o = Tio- ®)
Boundary conditions:
&Tl _ 4 4
M| =k sa(Tff - Tl), ©)
T _ T, .
_AIW T Az o | T1 =Ty, (10)
aT
| = au(Tu=To), (11)
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y=0
JT
—)\28—; = a,(T. - T2), (13)
y=0
Al% = (T, - Ty), (14)
y=Hy
)\2& = ae(Tg - Tz), (15)
ay y:Hy
T
—Ala—; - as(Ts = Ty), (16)
oT
—Aza—; - as(Ts — Ta), (17)
T, B
Alg Z:HZ — ag(Te - Tl), (18)
Azaﬂ = (T, - Tp). (19)
9z |pz—0

Computational formulae to determine g4 for a surface forest fire’s influence on a cladding surface:

X

_ f
9pr = (dra + g5 /2 (20)

Computational formulae to determine gz for a crown forest fire’s influence on a cladding surface:

= fowf /2 21
qfr = a+ —o7 0/ 2 (21)

These equations were obtained as a result of data processing on incident heat flux from the forest
fire studied in [4]. These equations are the best fit for experimental data [4].
Part of the computation to determine heat flux depends on the distance to the forest fire [4]:

qfa = 1000:326.37 exp(-0.2791xf), (22)
and part of the computation to determine heat flux depends on the height of the forest fire [4]:
qpm = 1000-(16.636xf + 29.772), (23)

where T;, p;, ¢;, and A;—temperature, density, heat capacity, and thermal conductivity of the
material (i = 1—cladding; i = 2—wall material); a—heat transfer coefficient (in—indoor environment,
e—environment, s—soil layer); kj—heat loss coefficient; A—reflection coefficient of the wall surface;
qﬁc—heat flux from the forest fire front; Tﬁr—forest fire front temperature; x, iy, z—spatial coordinates;
t—time; g;z—heat flux depending on the distance to the forest fire; g,—heat flux depending on the
height of the forest fire; 4—initial distance to the forest fire; xf—current distance to the forest fire until
the end of the exposure time; fexp—exposure time.
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Figure 2. Decision area.

Ignition conditions can be determined using experimental data [56] on the impact of thermal
radiation on wood samples (Table 2). In fact, this approach allows us to determine the energy
consumption of wood sample until its ignition.

Table 2. Experimental data on wood ignition by thermal radiation [56].

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

The thermophysical characteristics of wood and lining materials are presented in Table 3.

Table 3. Thermophysical characteristics of wood [11].

Material A, % c, kgL-K o, %
Pine wood 0.12 1670 500
Birch wood 0.28 2200 650

Glued plywood 0.12 2300 600
Facing cardboard 0.18 2300 1000
Fiberboard (1000) 0.15 2300 1000
Fiberboard (800) 0.13 2300 800

Fiberboard (600) 0.11 2300 600
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5. Results and Discussion

In this work, to simulate the radiation effects from the front of a forest fire, numerous scenarios
were developed, which are presented in Appendix A. First, three types of forest fires were considered
in modeling. The first type is a surface forest fire of low intensity, which is characterized by a flame
front height of about 1 m and a propagation velocity of 0.015 m/s across the layer of ground forest
fuels. The second type is a surface forest fire of high intensity, which is characterized by a flame height
of about 1.5 m and a propagation velocity of about 0.05 m/s. In surface forest fires of high intensity,
not only a layer of ground forest fuels can burn, but also small shrubs. This leads to a greater speed of
its distribution in the forested area. The third type is a crown forest fire, which covers the crowns of
trees and moves with a noticeably higher speed than a surface forest fire (about 0.33 m/s). Section 4
presented equations for calculating the magnitude of the radiant heat flux for surface and crown fires.
These formulas are a generalization of the results of [4] and allow one to calculate the heat flux from
the front of a forest fire of a certain height and at a certain distance from the building enclosures within
the limits considered in this article.

The front of the surface forest fire (of low intensity) begins its movement at a distance of 20 m
from the enclosing structure of the wooden building. The wall cladding is made of plywood sheets
(0.02 m thickness). The second layer is made of pine wood. The fire front speed was set at 0.015 m/s
and the flame height was set at 1 m. See Figure 3.

350 -
345 - — 905
--- 1255
304 200's
335 S 275s
330 - 350's
T e 425s
v 325\
- 1
F 3204
h .\
354\ -
310 -
305
300 -
295 -
T T i * 1
0.000 0.005 ) 0.015 0.020

Figure 3. Surface forest fire’s (of low intensity) impact on glued plywood from a distance of 20 m
—temperature distribution on wall thickness.

The front of the surface forest fire (of high intensity) begins its movement at a distance of 20 m
from the enclosing structure of the wooden building. The wall cladding is made of plywood sheets
(0.02 m thickness). The second layer is made of pine wood. The fire front speed was set at 0.05 m/s and
the flame height was set at 1.5 m. See Figure 4.
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Figure 4. Surface forest fire’s (of high intensity) impact on glued plywood from a distance of 20 m
—temperature distribution on wall thickness.

The front of the crown forest fire begins its movement at a distance of 20 m from the enclosing
structure of the wooden building. The wall cladding is made of plywood sheets (0.02 m thickness).
The second layer is made of pine wood. The fire front speed was set at 0.33 m/s and the exposure time
was set to 50 s. See Figure 5.

1200
—1m
. ---3m
10004 L 5m
N e 7m
———- 10 m
X 800
o
600
400
1 T T T T 1
0.000 0.010 0.015 0.020

X, m

Figure 5. Crown forest fire’s impact on glued plywood from a distance of 20 m for different front
heights (from 1 to 10 m).

The front of the surface forest fire (of low intensity) begins its movement at a distance of 20 m
from the enclosing structure of the wooden building. The wall cladding is made of plywood sheets
(0.02 m thickness). The second layer is made of pine wood. The fire front speed was set at 0.015 m/s
and the flame height was set at 1 m from 50 to 425 s. See Figure 6.
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Figure 6. Surface forest fire’s (of low intensity) impact on different materials from a distance of 20 m
for 425 s of exposure—temperature distribution on wall thickness.

The front of the surface forest fire (of high intensity) begins its movement at a distance of 20 m
from the enclosing structure of the wooden building. The wall cladding is made of plywood sheets
(0.02 m thickness). The second layer is made of pine wood. The fire front speed was set at 0.015 m/s
and the flame height was set at 1 m from 50 to 425 s. See Figure 7.

1200 -
: —— pine wood
- - - birch wood
10004 %N 0 e glued plywood
————— cardboard
- fiberboard1000
<« 800 v\ e fiberboard800
: T %N\ e fiberboard600
— ‘_‘e_{
600
400
1 T T T —1‘;;“‘;&&"1 = T -. == hl
0.000 0.005 0.010 0.015 0.020

Figure 7. Surface forest fire’s (of high intensity) impact on different materials from a distance of 20 m
for 425 s of exposure—temperature distribution on wall thickness.

Table 4 shows the data on the absorption coefficients of radiant energy for various paints used in
civil and industrial construction. According to the building rules [11], data are given on unpainted
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wood, dark gray paint, white and blue paint, and on a surface painted in straw color. For definiteness,
glued plywood cladding material is considered.

Table 4. Absorption coefficients for different paints [11].

Surface Layer of Cladding Absorption Coefficient
Wood without paint 0.6
Dark gray paint 0.7
White paint 0.3
Blue paint 0.6
Straw-colored paint 0.45

The front of the surface forest fire (of low intensity) begins its movement at a distance of 20 m
from the enclosing structure of the wooden building. The wall cladding is made of plywood sheets
(0.02 m thickness) with different paints (Table 4). The second layer is made of pine wood. The fire front
speed was set at 0.015 m/s and the flame height was set at 1 m for 425 s. See Figure 8.

360
1"
. :
350 4 \ no paint
% - - - dark gray
— S white
O blue
% emaimns straw-colored
X 330
— .
\.
320 +
3104,
300 +
T T . " ! |
0.000 0.005 0.010 0.015 0.020

Figure 8. Surface forest fire’s (of low intensity) impact on different paints from a distance of 20 m for
425 s of exposure—temperature distribution on wall thickness.

The front of the surface forest fire (of high intensity) begins its movement at a distance of 20 m
from the enclosing structure of the wooden building. The wall cladding is made of plywood sheets
(0.02 m thickness) with different paints (Table 1). The second layer is made of pine wood. The fire front
speed was set at 0.05 m/s and the flame height was set at 1 m for 425 s. See Figure 9.
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Figure 9. Surface forest fire’s (of high intensity) impact on different paints from a distance of 20 m for
425 s of exposure—temperature distribution on wall thickness.

The front of the crown forest fire (on 1 m height) begins its movement at a distance of 20 m from
the enclosing structure of the wooden building. The wall cladding is made of plywood sheets (0.02 m
thickness) with different paints (Table 4). The second layer is made of pine wood. The fire front speed
was set at 0.33 m/s and the flame height was set at 1 m for 50 s. See Figure 10.
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Figure 10. Crown forest fire’s (with 1 m height) impact on different paints from a distance of 20 m for
50 s of exposure—temperature distribution on wall thickness.

The front of the crown forest fire (on 5 m height) begins its movement at a distance of 20 m from
the enclosing structure of the wooden building. The wall cladding is made of plywood sheets (0.02 m
thickness) with different paints (Table 4). The second layer is made of pine wood. The fire front speed
was set at 0.33 m/s and the flame height was set at 1 m for 50 s. See Figure 11.
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Figure 11. Crown forest fire’s (with 5 m height) impact on different paints from a distance of 20 m for
50 s of exposure—temperature distribution on wall thickness.

The front of the crown forest fire begins its movement at a distance of 20 m from the enclosing
structure of the wooden building. The wall cladding is made of different materials (0.02 m thickness)
without paint. The second layer is made of pine wood. The fire front speed was set at 0.33 m/s and the
flame height was up to 10 m for 50 s. See Figure 12.
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Figure 12. Crown forest fire’s (up to 10 m height) impact on different materials from a distance of 20 m
for 50 s of exposure (surface temperature)—temperature distribution on wall height.

The front of the surface forest fire (of low intensity) begins its movement at a distance of 20 m
from the enclosing structure of the wooden building. The wall cladding is made of different materials
(0.02 m thickness) without paint. The second layer is made of pine wood. The fire front speed was set
at 0.015 m/s and the fire front shape was parabolic over 425 s. See Figure 13.
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Figure 13. Surface forest fire’s (of low intensity) impact on different materials from a distance of 20 m
for 425 s of exposure with a parabolic shape—temperature distribution on wall width.

The front of the surface forest fire (of high intensity) begins its movement at a distance of 20 m
from the enclosing structure of the wooden building. The wall cladding is made of different materials
(0.02 m thickness) without paint. The second layer is made of pine wood. The fire front speed was set
at 0.015 m/s and the fire front shape was parabolic over 425 s. See Figure 14.
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Figure 14. Surface forest fire’s (of high intensity) impact on different materials from a distance of 20 m
for 425 s of exposure with a parabolic shape-temperature distribution on wall width.

As a result of numerous computational experiments, the following patterns of the effects of forest
fires on the enclosing structures of a wooden building were obtained.

The first group of computational experiments examined the effects of various forest fires on a wall
lined with various types of cladding. As was established as a result of modeling, the wall is heated
mainly at the stage preceding ignition, and the heating occurs in the surface layers of the cladding
with a thickness of about 2 cm. Unpainted wood-glued materials are considered.

In the case of a low-intensity surface forest fire that began to move from a distance of 20 m,
the temperature distributions shown in Figure 3 were obtained over the thickness of the building enclosure.
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At this distance, the fire does not have a noticeable effect on the building enclosure of a wooden building,
since its speed of propagation is small. A fire has a real impact when its front approaches a distance of
about two meters.

When a surface forest fire of high intensity is considered, there is a noticeable effect when moving
the fire front from a distance of 20 m over a propagation period of 275-350 s. In this case, the surface
temperature rises above 500 K, when the processes of thermal decomposition of wood already occur [56].
In fact, the owners of the dwelling or the workers of the industrial facility do not have time to remove
the ground layer of forest fuels and shrubs near the building. Likewise, there is no time for forced
wetting of the walls of the building in order to reduce the effects of fire on the building. The only
solution is the early removal of shrubs and the organization of mineralized strips [57] at a certain
distance (more than 2 m) from the building enclosure. Otherwise, the front of the forest fire will reach a
distance at which ignition of the enclosing structures of a residential or industrial building is possible.

For a crown forest fire, one minute is enough to reach a critical distance from the enclosing
structures of a residential or industrial wooden building. Moreover, in the entire range from 1 to 10 m,
fire-hazardous temperatures are reached on the surface of the building enclosure. No operational
measures will save the owners of the dwelling or the workers of an industrial facility in the event of a
forest fire’s approach. The only solution is the thinning of the forest around the buildings so that there
are large distances between the crowns of the trees. Only this can ensure the absence of the transition
of the flame front from one tree to another. The installation of elements of computerized visual control
of forest fires of the Lesnoy Dozor software-hardware complex [58] in a forest stand is an option.
Such a system should automatically recognize a forest fire at a considerable distance from an industrial
facility or rural settlement and notify owners or workers of the approach of a crown forest fire. In this
case, owners or workers can leave the building and evacuate to a safe distance. A prerequisite for
minimizing damage to the owners of the building is their agreement with an insurance company [59].

Figure 6 shows the temperature curves in cladding layers of various types for the approaching
front of a surface forest fire of low intensity with an exposure time of 425 s. As can be seen from
Figure 6, the maximum heating is characteristic of pure pine material, which is not covered with any
cladding materials. Most notably, fire risk is reduced by cardboard and fiberboard cladding with a
density of 1000 kg/m>. Other materials are intermediate in the figure. In general, the effect of a surface
forest fire of low intensity over a given period of time does not constitute a danger to any cladding
materials. The owner of a dwelling or an employee of an industrial facility has a certain amount of
time, for example, to moisten the wall of the building or to use a backpack sprayer to extinguish the
edge of a surface forest fire. Alternatively, the owner or worker may try to make a mineralized strip
with a cultivator at some distance from the building to prevent the further spread of the front of a
surface forest fire.

Figure 7 shows the temperature distribution over the thickness of the enclosing structure of a
wooden building for various cladding materials in the event of exposure to a surface forest fire of
high intensity for an exposure time of 425 s. As the analysis of the results shown in Figure 7 shows,
the temperature of the surface layer is above critical for any type of cladding material. Moreover,
the cladding layer is heated to a depth of 1 cm. The difference in the temperature of the surface and the
surface layer of 10-100 K does not matter. All types of cladding are dangerous. It must be assumed that,
in this case, the owner of the building can only use advance measures to minimize damage—namely,
removing shrubs and laying mineralized strips at a certain distance from the building. Alternatively,
one must leave the building to avoid injuries, burns, and death [60,61].

The figure demonstrating the effect of the crown forest fire is not presented, since, in the event of
the development of such a forest fire in the vicinity of the wooden building, the owner can be saved
only by early thinning of the forest and rapid evacuation from the place of residence. Any cladding
materials are extremely dangerous with respect to fire.

Figure 8 presents the results of modeling the impact of a surface forest fire of low intensity. In this
case, the building can be painted in any color, since the mineralized strip is enough to prevent the
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forest fire from transitioning to the building. A comparative analysis shows that a surface painted
white is the least susceptible to heat. Moreover, the difference in surface temperature is about 50 K
between the painting in white or dark gray.

In the case of a surface forest fire of high intensity, only coloring the surface in white gives some
advantage. During the exposure of 425 s, the front of a surface forest fire of high intensity approaches
almost close to the enclosing structures of a wooden building, and its ignition is possible with any
color scheme. However, painting the surface of the enclosing structure in white gives some chance of
postponing the ignition time in the case of using forced wetting of the walls.

The results presented in Figures 10 and 11 allow us to conclude that, in the event of a crown forest
fire, the building will be ignited for any color of the surface of the enclosing structures of a wooden
building. Moreover, the critical temperature is already reached at an exposure time of 50 s. The front
of a crown forest fire spreads too fast.

Analyzing the results presented in Figure 12, it is clear that the ignition of a wooden building
under the influence of a crown forest fire will most likely occur at a certain height from the land surface.
Here, the scenario of modeling the height of the impact of a crown forest fire from 1 to 10 m should be
explained. According to the legislation of the Russian Federation, individual housing construction
of buildings with a height of no more than three floors is allowed. This applies to both urban and
rural development [62]. This is approximately a height of about 10 m. Figure 12 shows that, at the soil
surface, the surface temperature of the building enclosure is minimal. There is a drain of heat into the
foundation and the soil layer around the building.

Figure 13 shows the results of modeling the impact of the surface forest fire of low intensity, which
has the shape of an elongated egg. The software utility implemented a parabolic dependence of the
forest fire’s contour on the horizontal coordinate. The shape of the surface forest fire front, elongated
in the center, causes an increase in the surface temperature of the building envelope on the localization
line of the apex of the parabolic front of the surface forest fire. Moreover, the most noticeable effect is
on a building enclosure that is not lined with any cladding.

Figure 14 shows the results of modeling the impact of a parabolic front of a surface forest fire of
high intensity. The result is also logical when ignition occurs on the localization line of the top of the
parabolic front of a forest fire. With any cladding materials, critical temperatures are reached at which
the ignition of wood or wood-glued materials occurs.

Table Al shows the main scenarios of the impacts of forest fires on the enclosing structures of a
wooden building. Additionally given are the calculated values of the density of the radiant heat flux from
the front of the forest fire to the surface of the building, depending on the exposure time. In addition,
data are presented that establish the fact of ignition of the enclosing structure of a wooden building.
Only exposure to radiant heat flux is considered. Direct flame contact and firebrands are not considered
in this work. Depending on the distance from the front of the forest fire to the walling, a certain heat
flux acts on the wall surface. As a rule, a surface forest fire of low intensity does not pose a great danger
to the functioning of an industrial facility or residential building unless the front of a forest fire comes
close enough to the enclosing structures of a wooden building. In most cases, a high-intensity surface
forest fire is a danger to wooden buildings, and early measures are required to prevent a forest fire from
transitioning to a wooden building. Crown forest fires may expose wooden buildings to extreme danger.

The purpose of the proposed mathematical model for simulating the thermal effect of a forest
fire on the enclosing structures of a wooden building should be clearly understood. The model is
quite simple, but it allows one to get a number of interesting results that can be used in practice in
the fight against fires in WUI zones. Analogs of other authors allow us to simulate not only heat
transfer, but also mass transfer, pyrolysis, and the formation of pyrolysis products. The present
model focuses on the formation of a temperature field in the enclosing structure of a wooden building.
It should be understood that, at present, the main attention is paid to predicting forest fire danger,
including in the territory of the Republic of Buryatia (Russian Federation) in the vicinity of Lake
Baikal. For the purposes of monitoring and predicting forest fires and burned areas in the Russian
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Federation, the Information System for Remote Monitoring of Forest Fires, [ISDM-Rosleskhoz [63],
is used. This system has accumulated data on the forest fund, and also includes modules for calculating
the probability of forest fires from thunderstorms and anthropogenic load, taking into account weather
data [64]. The Nesterov criterion [65] is used together with the probabilistic criteria [66]. The minimal
territorial unit is the area of responsibility of a separate weather station. Moreover, the network of
weather stations in Siberia and the Far East is quite sparse. This leads to the fact that forest conditions
are averaged over a rather large area, and it is impossible to apply mathematical models of the spread
of forest fires based, for example, on the mechanics of multiphase reacting media [67]. In fact, the user
can get from ISDM-Rosleskhoz only the location, the speed of the forest fire, and the distance to the
village or industrial facility. In this case, it is justified to use parametric modeling of the propagation
of the forest fire front, and not to use mathematical models based on the Navier-Stokes equations.
Regarding the use of advanced mathematical models, such as Gpyro [52], the situation is somewhat
similar. To operate such models, accurate data on building materials and the geometric characteristics
of building enclosures are needed. Only in this case, it is justified to use mathematical models that
allow precision modeling to be performed, taking into account the processes of heat and mass transfer,
pyrolysis, and gas-phase chemical reactions. Concerning the practical application of the mathematical
model, it must be understood that there are no data on the wooden buildings of rural settlements,
campsites, or industrial facilities in the ISDM-Rosleskhoz.

It is advisable to carry out simplified modeling using the scenario approach [66]. In this
case, one can set approximate characteristics of the enclosing structures of a wooden building and
consider various scenarios of the effects of a forest fire based on its characteristics that are available
in ISDM-Rosleskhoz. Despite the simplicity, the proposed mathematical model allows one to obtain
results, for example, on the influence of the height and shape of the forest fire front on heat transfer
processes in the enclosing structures of a wooden building, that is, to take into account the spatial
structure of the approaching forest fire front.

Thus, the developed software utility has a clear practical orientation, but the results of its
application are adequate, both from the point of view of using normative and technical documentation,
and the positions of thermal physics of forest fires [68,69]. The combined use of GIS technologies [70-73]
and remote sensing methods [74-78] can give excellent results in monitoring and predicting the fire
safety of industrial facilities and residential buildings in rural settlements and campsites in the
conditions of active forest fires.

6. Conclusions

An important scientific and application-oriented problem was solved in this study, namely,
the creation of an engineering approach to monitor sustainable functioning and development of rural
settlements, industrial facilities, and recreational areas based on scenario modeling of the impact of a
forest fire front on the building enclosures of a wooden building using a simplified physically sound
mathematical model of heat transfer. As criteria for ignition, experimental data [56] were used on the
surface temperature and the magnitude of the radiant heat flux directed to this surface. This paper
also presents generalized equations for calculating the density of the radiant heat flux from the front
of a surface or crown forest fire depending on the distance from the building and the height of the
fire front. It should be noted that the working range of these formulas is limited by the conditions
of use used in this article. These equations can also be applicable for the assessment of forest fires’
environmental impact on forest stands and biodiversity in the context of sustainable development of
forested territories [79].

As a result of scenario modeling, temperature distributions in the “cladding-facade” system were
established for various cladding materials, the distance from the front of the forest fire to the building
enclosure, and the fire’s speed and height. In the course of the study, thermophysical characteristics
were used, which are indicated in state standards [11]. In fact, for the first time for the dry zone of
the Russian Federation (the Republic of Buryatia, according to building standards, is referred to as a



Sustainability 2020, 12, 5475 20 of 24

dry climate zone), the results of modeling of heat transfer and ignition of the enclosing structures of
wooden buildings of industrial facilities, rural settlements, and campsites under the influence of radiant
heat flux from the front of a forest fire were obtained. A three-dimensional simplified mathematical
model of heat transfer and ignition is presented, taking into account various properties of cladding
materials and the spatial structure of the front of a forest fire. Furthermore, the key findings of this
study can be used to assess the sustainability and sustainable development of different objects in WUI
zones according to environmental, social, and economic dimensions of forest fire dangers and risk
problems. The mathematical model can be used for generation of new GIS systems in conjunction
with remote sensing technologies for sustainable management of land [80]. The obtained results,
namely, the equations for incident heat flux and the mathematical model, can be also used for public
policy design in the context of forest fire danger and owners’ responsibilities for sustainability of rural
settlements, industrial facilities, and recreational zones.
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Appendix A

Table Al. Glued plywood cladding—forest fire impact scenarios.

Scenario Exposure Time,s  Distance, m Height, m Forest Fire Velocity, m/s  Heat Flux, kW/m?2 Ignition

1 50 20 1 0.015 0.980 No
2 50 20 1.5 0.015 1.024 No
3 50 20 1 0.05 1.437 No
4 50 20 1.5 0.05 1.473 No
5 50 20 1 0.33 61.478 Yes
6 50 20 3 0.33 96.3 Yes
7 50 20 5 0.33 110.839 Yes
8 50 20 7 0.33 125.254 Yes
9 50 20 10 0.33 147.417 Yes
10 50 20 15 0.33 163.138 Yes

Table A2. Glued plywood cladding—heat loss and painting scenarios (surface forest fire).

Scenario Exposure Time, s Distance, m Height, m Painting Heat Loss
1 50 20 1 Dark gray No
2 50 20 1 Dark gray Yes
3 50 20 1 Lime paint No
4 50 20 1 Lime paint Yes
5 50 20 1 Blue No
6 50 20 1 Blue Yes
7 50 20 1 White No
8 50 20 1 White Yes
9 50 20 1 Wood No
10 50 20 1 Wood Yes
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Table A3. Glued plywood cladding—heat loss and painting scenarios (crown forest fire).

Scenario Exposure Time, s Distance, m Height, m Painting Heat Loss
1 50 20 1 Dark gray No
2 50 20 1 Dark gray Yes
3 50 20 1 Lime paint No
4 50 20 1 Lime paint Yes
5 50 20 1 Blue No
6 50 20 1 Blue Yes
7 50 20 1 White No
8 50 20 1 White Yes
9 50 20 1 Wood No
10 50 20 1 Wood Yes

Table A4. Glued plywood cladding—forest fire characteristic influence scenarios.

Scenario Exposure Time, s Ty, K Line Front Parabola Front, Center
1 425 900 Yes 20
2 425 1000 Yes 20
3 50 1200 Yes 20
4 425 900 Yes 18
5 425 1000 Yes 18
6 50 1200 Yes 18
7 425 900 Yes 16
8 425 1000 Yes 16
9 50 1200 Yes 16
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