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Mathematical modeling of the initiation and spread of forest fires
and their impact on buildings and structures

Currently, methods of mathematical modeling are used to study/processes.in emergency situations. Forest
fires are extremely complex and destructive natural phenomena which depend on availability of fuel, meteor-
ological and other conditions. Mathematical model of forest fire is based on an analysis of known experi-
mental data and using concept and methods from reactive media mechanics. In this paper the theoretical study
of the problems of crown forest fire spread in windy condition and their thermal impact on the wooden build-
ing were carried out. The research was based on numerical solution of two-dimensional Reynolds equations.
The boundary-value problem is solved numerically using the method of splitting according to physical pro-
cesses. A discrete analogue for the system of equations was obtained by means of the control volume method.
A study of forest fire spreading made it possible to obtain.a detailed picture of the change of the component
concentration of gases and temperature fields in forest fire and on the wall of building with time. It let to de-
termine the limiting distances between forest fire-and building for possibility of wooden walls ignition for dif-
ferent meteorology conditions, size‘of building and intensity of fire impact.

Keywords: crown fire, fire spread, forest fire, mathematical model, ignition, finite volume method, building,
turbulence.

Introduction

A number of authors are studying the problem of the behavior of forest fires. Rothermal [1] and Van
Wagner [2] formulated the first mathematical methods to study the behavior of forest fires. They represent
semi-empirical approaches that allow one to obtain fairly reliable values of the flame front propagation ve-
locity, depending on a given supply and moisture content of forest combustible materials, wind speed and
terrain. However; in their models, the authors used parameters for specific fires based on certain data. This
limitation significantly reduces the possibility of widespread use of this method in modeling various forest
fires. Numerical modeling based on identical installations is used to compare the effectiveness of two main
approaches based on Eulerian LSM and Lagrangian DEVS schemes in constructing forest fire models [3].
The mathematical models presented in the works [4-9] provide more detailed conditions for the spread of
forest fires. A distinctively new approach to studying the behavior of forest fires by the method of mathemat-
ical modeling was proposed by Grishin. [10], which is based on the application of experimental data and the
use of approaches and methods of reactive mechanics [11]. However, when studying the problem of the be-
havior of forest fires [10, 11], the issue of the effect of the wildland fires front on buildings and structures
located near the forest zone were not studied. In the summer season of 2019, according to official data, more
than 2 million hectares of timber burned out as a result of forest fires in Russia. Such large-scale forest fires
carry not only an economic threat, but also a threat to human victims as a result of the transition of the flame
front to urban areas. Extinguishing forest fires requires a lot of effort and cost, creating airborne teams of

54 BecTHuk KaparaHguHckoro yHusepcureTa



Mathematical modeling of the initiation and spread ...

firefighting specialists, engaging outside organizations and volunteer groups, etc., and, in the vast majority of
cases, is ineffective or impossible. Currently, the most effective methods for studying natural fires are math-
ematical modeling methods using numerical methods [10—14] and modern software to solve problems.

Physical and mathematical setting

The mathematical model considered in this paper and the calculation results are used to study the inter-
action of forest fire fronts with wooden structures. We assume that on the ground cover there is an area of
elevated temperature, that is, a center of a lower fire, which has some dimensions, at a certain height, above
the forest canopy, the wind speed is set. Under the influence of this burning zone, inert heating of forest
combustible materials takes place in the forest canopy, moisture evaporates, pyrolysis occurs with the release
of condensed and volatile pyrolysis products, which then ignite. A combustion front is formed, which.moves
along the forest canopy under the influence of wind. If a building is located near the forest, then the flame
front has a thermal effect on it due to the transfer of energy by radiation, convection and transfer of burning
particles. As a result, ignition of this object is possible. Let us consider schematically the region of the pro-
cess under consideration. The axis Ox; is directed perpendicular to the earth surface, and the axis Ox; is di-
rected parallel to the earth surface and coincides with the direction of the wind. Figure 1 shows a scheme of
this process:

X2

wind

0 forest canopy building x1
Figure 1. Forest fire propagation pattern

It is supposed that: 1) the flow is turbulence, while laminar transport is neglected, since it is not signifi-
cant compared with turbulent; 2) the density of the gas-dispersed phase does not depend on pressure, due to
the fact that the flow velocity is small relative to the speed of sound; 3) it is assumed that the local-
thermodynamic equilibrium is taken place; 4) the wind speed is defined at height of the forest canopy; 5) the
multiphase medium consist of particles of the condensed and gas phase (oxygen, gaseous combustible pyrol-
ysis products and inert components (nitrogen, water vapor, gas products of combustion and etc.) [10, 12].
The problem given above reduces to solving the following system of differential equations:
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This system of equations is solved using the next initial and boundary conditions:
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where x;, x,, vi, v, — coordinates and corresponding projections of the velocity vector on the axes of coordi-
nate; Rs and Rs, — combustion reaction rates of gaseous pyrolysis products and the appearance of oo — gas
dispersed phase components; ¢, p, — specific¢ heat and density of the gas phase; T'— the temperature of gas-
dispersed phase; ¢, — mass concentrations (o= 1 — oxygen, 2 — CO, 3 — inert air components); P —
pressure; Uz — radiation energy density; ¢ — Stefan-Boltzmann constant; k, — absorption coefficient for
gas-dispersed phases; g;, E;, k; — thermal effects of the reactions, activation energies, and pre-exponents of
the reaction of pyrolysis, evaporation of moisture and combustion of pyrolysis products; M, M — molecular
weights of the components of the gas phase and air mixture; ¢ — speed of light; ¢, v — coke number and
mass fraction of combustible gases in the mass of gaseous pyrolysis products; g — gravitational constant.
Indexes «o» u «e» relateto. functions in the field of combustion and at a considerable distance from the fire
front, respectively. Index «“» used to indicate the pulsating components of various functions [10]. The ther-
modynamic, thermophysical, and structural quantities used in the statement of the problem belong to forest
combustible materials. corresponding to the pine forest: Es/R=11500 K, ks =3-10", gs =10 J/kg,
¢,= 1000 J/(kg-K); 0. = 0.06, v = 0.7, p, = 1.2 kg/m’, ¢, = 0, p. = 10 N/m’, T, = 300 K, ¢,, = 0.23 [12]. Tur-
bulent stress tensor components pv'_w' and turbulent heat and mass fluxes v'T”, E computed using middle
flow gradients as follows:

— ou, du, | 2 — oT — dc,
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A =Wc, /P, pDp =,/ Sc, 0, =cpsK /g5 1, =cpK’ /€, (16)
where K — kinetic energy of turbulence, v; and v; — components of the average velocity and the pulsating

component of the velocity in the projection onto the axis x;; W, A, D; — coefficients of turbulent, dynamic
viscosity, turbulent thermal conductivity and diffusion; Pr,. Sc, — turbulent Prandtl and Schmidt numbers;

0; — Kronecker characters; W, =¢,pK * /e , where &£ — dissipation rate of turbulent kinetic energy, Cy —

constant. The determination of the coefficient of turbulent dynamic viscosity has certain difficulties [10; 15],
such as the arbitrariness in choosing the initial and boundary conditions for the kinetic energy equation of
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turbulence, as well as the approximate closure method, which is based on the Prandtl mixing path hypothesis,
which actually means the equilibrium approximation for the kinetic energy equation turbulence. In [10], the
approach for the two-dimensional planar case is described in more detail. If in the case under consideration
the non-stationary and convective terms and the diffusion terms of turbulent kinetic energy are neglected in
the equation for the kinetic energy of turbulence, then the coefficient of turbulent dynamic viscosity and the
expression for the kinetic energy of turbulence can be obtained from the right side of the equation, as de-
scribed in Grishin [10]. A locally equilibrium turbulence model is used. To determine the turbulent dynamic
viscosity in the two-dimensional case, the next formula was used:

’ ? 2 2 12
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where 0 = T— T,. The formula for the mixing path proposed by the authors of [13] has the form
l=zk, /(1+2.5z\Jc,s/h), (18)

where k,= 0.4 — Karman constant, # — forest canopy height.
Numerical method

For numerical integration of the original system of equations, the control volume method is used [13].
The main meaning of this method is easily understood and lends itself to direct physical explanation. We
divide the computational domain into a certain number of disjoint control volumes so that each node point is
contained in only one volume. In the case of a two-dimensional problem, we consider a rectangle. The se-
cond step is the integration of the differential equation for each control volume. To carry out the calculation
of the integrals, profiles are used that describe the change between the nodal points of the function @. The
discrete analogue obtained as a result of integration expresses the conservation law for the state parameter @
in each finite control volume [13]. The discrete analogue obtained in this way expresses the conservation law
@ for a finite control volume in the same way that the differential equation expresses the conservation law
for an infinitely small control volume. An important property of this method is that the control volume meth-
od contains the exact integral conservation of such.quantities as mass, momentum and energy for any group
of control volumes and for the entire calculation area. This feature is demonstrated for any number of nodal
points, and not only in the limiting case of a large number of them. Even a coarse grid solution satisfies pre-
cise integral balances [13]. Differential equations obeying the generalized conservation law describe the pro-
cesses of hydrodynamics and heat transfer, mass transfer. When denoting any desired function of the variable
@, the generalized differential equation takes the form in tensor form [13]:

0 0 0 oD

p (p@)+ax[ (pv,@) ™ [Fq) aXJ+S@, (19)
where, p is the density, ¢ is the4emporal coordinate, x; is the spatial coordinate, v; are the components of the
velocity vector, I is the transport coefficient (/' is the coefficient of thermal conductivity, turbulent viscos-
ity, diffusion, etc.), S is the source term. In special cases, the heat flux as a result of chemical reactions in
the energy equation or an.increase (decrease) in component concentrations during chemical reactions in the
diffusion equations may enter S,. The specific form of 'y and S depends on the semantic load of the varia-
ble @. For the nodal point P the neighboring points # and E are located in the direction of the x; axis, points
N and S (denoting north and south) — in the direction of the x, axis. The control volume surrounding point P
is'shown by lines. The volume depth in the z axis direction is assumed to be unity. Designations for distances
Ax, (0x) e, etc., apply here to two dimensions. The question of the location of the faces of the control volume
with respect to the nodal points remains open. You can position them exactly in the middle between adjacent
points, but other methods can be applied, some of which will be discussed below. The discrete analog ob-
tained here can be used in any such case.
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Figure 2. Control volume (shaded area) for the two-dimensional case

The calculated area is divided into a number of non-overlapping control volumes..Then we integrate the
system of differential equations for each control volume [13]. As a result, we obtain a system of nonlinear
algebraic equations, which is then solved numerically using the SIP method. Thus, we obtain the distribu-
tions of the sought-for functions at all points of the computational domain at different instants of time.

The results of calculations and their analysis

Using the described mathematical model, numerical calculations were carried out to determine the pat-
tern of the ignition of a wooden structure as a result of the action of a flame front. The fields of the distribu-
tion of temperature, velocity, mass fractions of components, and volume fractions of phases were obtained
numerically. The first stage is associated with an increase in.the maximum temperature at the ignition site.
As a result, a hotbed of flame appears. At this stage of the process, a heat flow arises above the hearth and a
zone of heated wood pyrolysis products is formed, which mix with air, rise up and penetrate the tree crown.
As a result, the forest canopy is heated in the crownsof trees, moisture evaporates and gaseous and dispersed
pyrolysis products are formed. Ignition of gaseous pyrolysis products occurs in the next step. As a result of
heating the wood, moisture evaporates, pyrolysis:occurs; accompanied by the release of gaseous products,
which then ignite and burn. At the time of ignition, gaseous combustible products are burned, and the oxygen
concentration rapidly decreases. The temperatures of both phases reach their maximum value at the flash
point. The calculation makes it possible to take into account the spread of forest fires at different wind
speeds, bulk of forest fuel, and moisture of forest fuel. The influence of a forest fire on a building that is lo-
cated near a forest is considered: The influence of wind speed and the distance between the forest and the
building on the ignition of the.building is studied numerically. The calculation results can be used to assess
the thermal effect on a building located next to forest fires.

Fields of wind and-temperature interact with an obstacle — construction (Fig. 3a¢) and b)). In Fig. 4
shows the results of modeling the wall temperature at different distances between the front of a forest fire
and a wooden building (20x50%20 meters) for various values of wind speed from 3 to 15 m/s.

Velocity, a/s
.50
2.0
n.owm
199052
H 1.7
11600821
H 18,0176

a b

Figure 3. Distribution of temperature a) and speed b) near the building
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Figure 4. The temperature distribution on the wall of a wooden structure (20x50%20)
for different wind speeds (3—15 m/s) and for different distances / (10—50 m)

An analysis of this relationship shows the following: 1) a wooden structure with.a wind'speed of 3 m/s
lights up at a distance of 15—16 meters from forest fires; 2) with v=>5 m/s — [ = 26-27/meters; 3) v= 10 m/s —
[ = 39-40 meters; 4) v=15 m/s — [ = 4647 meters. In Figure 5 shows the temperature dependence on the
walls of a wooden house measuring 12x15x12 meters for different wind speeds (3—15 m/s) for distances /
(10-50 m).
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Figure 5. The temperature distribution on the wall of a wooden structure (12x15%12 m)
for different‘wind speeds (3—15 m/s) and for different distances / (10-50 m)

An analysis of this relationship (Fig. 5) shows the following: 1) a wooden structure with a wind speed
of 3 m/s lights up.at a distance of 32-33 meters from forest fires; 2) v=5 m/s — [ = 38-39 meters from for-
est fires; 3) v=40 m/s— /' = 43—44 meters from forest fires; 4) v =15 m/s — [ = 4243 meters.

Conclusion

The result of solving this problem allows you to get a detailed picture of the change in speed, tempera-
ture and concentration fields of components in the wildland fire and on the near located buildings over time.
This-allows to study the dynamics of the impact of forest fires on wooden buildings under the influence of
various external conditions, such as, meteorological conditions (air temperature, wind speed, etc.) and the
type of forest combustible material and its state (bulk of forest fuel, moisture, etc.). Calculations make it pos-
sible to obtain the maximum safe distance from the forest fire front to the structures (buildings and other ob-
jects) in order to exclude the possibility of its ignition.
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B.A. Ilepmunos; K.O. @psiHoBa

OpmaH epTTepiHiH Maiaa 00/ybl MEH TAPAJTYbIH KJIHE 0JIaAPJAbIH FUMapaTTap
MeH KYpPbLIbICTapFa 3CepiH MaTeMATHKAJBIK MO/IeJIbey

Kasipri Tanna TeTeHIe xKaraailapAblH KO3FallbICTAPbIH 3epPTTEY YIIiH MaTeMaTHKAJIbIK MOJCIBACY d/icTepi
KoJaaHblIaael. OpMaHHAH LIBIFATBIH OPTTEp ©Te KayinTi eprrep OONBIN CcaHAmaibl, OJap OTBHIHHBIH
METEOPOJIOTHSUIBIK KoHE Oacka JKaraainapiaslH OonyblHa OainaHbICThl Taiina Oonagpl. OpMaH epTiHIH
MaTeMaTHKAIBIK MOJeNi OEArini SKCHEepUMEHTTIK MONIMETTep/i TajgayFa »KOHE DPEeaKUMsUIBIK OpPTaHBIH
MEXaHHUKAaJIbIK TYCIHIrT MeH oicTepiH KOJaHyFa Heri3jenreH. 3epTTey OapbIChl JKeIIiH dcepiHeH OopMaH
OPTTEPiHiH Tapaybl MEH OJIApABIH aFalll KYpbhUIbIMBIHA TEPMHUSUIBIK 9CEPi Typalibl TEOPHs Ky3iH/Ae GepiireH.
3eprrey eki emmemai PeifHonbac TeHueynepinin caHgbIK memimMine HerizgenreH. Llerrik ecen du3nkanbik
KO3FaJIBICTapFa 06Ty 9AiciMeH caHIBIK Typae memireni. Tenaeynep xylecine apHaIFaH JUCKPETTi aHAIOTHI
Oackapy KeJeMIHIH ofici apKpUIbl anblHABL OpMaH epTTEepiHIH TapalyblH 3epITey — OpMaH OpTiHIH
aNIBIH/IAFBl FUMapaT KaOBIPFAachIHAA ra3 TOpi3Ai Kypamuac OemiKTepAiH KoHEe TeMmIeparypa epicTepiHiy
KOHICHTPALMSCHIHBIH ©3repyiHiH HAaKThl KepiHiCiH amyra MyMKiHAiK Oepemi. Bym 6Gisre aprtypii
METEOPOJIOTHSIIBIK JKaFdaiinapia aram KaObIpralnapblH TYTaHy MYMKIHIITIH, FUMapaTThlH KeJieMi MeH
OPTTiH, KaPKbIHABLIBIFEl YIIIH OpMaH ©pTi MEH FUMapaT apachbIHAAFbl €H YJIKEH KAIbIKTHIKTHI aHBIKTayFa
MYMKIHTIIK Oepexni.

Kinm_cé30ep: epTTiH Tapaiybl, OpMaHHBIH JKaHYbI, OPMaH OPTi, MAaTEMAaTHKAIBIK MOJEIb, TYTaHy, MEKTeYIi
KeJIeM 9iici, KYPBUIBIC, TYpPOYJICHTTLIIIK.

B.A. Ilepmunos, K.O. ®psHoBa
MartemaTu4eckoe MOIeJIMPOBAHUE BOSHUKHOBEHMS U PACIPOCTPAHEHUSA

JICCHBIX IIO0Kap0B N UX BO3/eliCTBHE HA 31aHUA U COOPYKRECHUS

B Hacrosiiee BpeMs METOBI MATEMaTHUECKOTO MOJETHPOBAHUS HCIONB3YIOTCS ISl U3y4eHUs MIPOLECCOB B
Ype3BbIYaHHBIX CUTYaIHAX. JIECHBIE MOXKAPHI ABIAIOTCS YPE3BBIUAITHO CIIONKHBIMU U Pa3pyIIUTENbHBIMU MIPHU-
POAHBIMHU SBIEHUSMHU, KOTOPbIE 3aBUCAT OT HAJIUYUS TOIUIMBA, METEOPOJIOTUUECKUX U APYTUX ycloBHi. Ma-
TeMaTH4ecKas MOJIeTb JIECHOTO T0XKapa OCHOBaHA Ha aHAJM3€ M3BECTHBIX SKCIEPUMEHTATbHBIX JaHHBIX U
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UCIIOIb30BaHUN KOHIETIIIMU U METOJI0B MEXAHUKH PEarupyomux cpel. B crarbe TeopeTHuecku uccienopa-
HBI TPOOIEMBI PACTIPOCTPAHEHHS JIECHBIX M0XKAapOB MOA AEHCTBHEM BETpa U UX TEPMUYECKOE BO3JEHCTBUE HA
JepeBsiHHOe cTpoeHue. MccnenoBaHue ObIJIO OCHOBAHO HAa UYHCIEHHOM DPEIICHHH JBYMEPHBIX YPaBHEHMI
Peitnonbaca. Kpaeas 3amaua pemieHa METONOM pacIIeINICHHsT MO (U3MYECKHM IporeccaM. J[HMCKpeTHBIi
QHAJIOT JUISl CUCTEMBI ypaBHEHHH OBbLI MOJIydeH METOJOM KOHTPOJBHOrO oO0beMa. M3ydueHue pacmpocrpaHe-
HUS JIECHBIX TI0’KapOB ITO3BOJIMJIO TIOJIYYUTD JETAIBHYIO KapTHHY H3MEHEHHS! KOHIIEHTPAIUH Ta3000pa3HBIX
KOMIIOHEHTOB U TeMIIepaTypHBIX MOJIEH BO ()POHTE JISCHOTO MOXKapa ¥ Ha CTEHE 3/IaHUs B Pa3INYHbIC MOMEH-
TBI BpEMEHHU. DTO MO3BOJIMIIO ONPESITUTh NPEACIbHBIE PACCTOSHHS MEXIY JIECHBIM MOXKapOM H 3[[aHHEM ISt
BO3MOXHOCTH BO3TOPAHMs AEPEBSHHBIX CTEH MPU PA3IUYHBIX METEOPOJIOTHUECKUX YCIOBHUSX, pa3Mepax 37a-
HHS ¥ MHTEHCUBHOCTHU BO3/1€HCTBHS OTHSL.

Kniouesvie crosa: BepxoBOW MoXKap, paclpoCTpaHEHUE MOXKapa, JECHOH IoXap, MaTreMaTH4ecKas MOJEIb,
32)KUraHKue, METOJ] KOHEYHBIX 00bEMOB, 3/[aHne, TYpOyJICHTHOCTD.
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