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u ponre noxapa. C NOMOIIBI0 MHOTOMEPHOH IrpaKK MPOUILTIOCTPUPOBAHBI HECKOJIBKO KaueCTBEHHBIX 0COOCHHOCTEH
CTPYKTYpBI TEMIIEPATYpPHOTO (PPOHTA U €r0 IBOJIIOLMH, BEKTOPHBIX MOJICH IPaJIMeHTa KOHLIEHTPALMH KUCIOPOo/a o TI0-
1I1a/1 JIECHOTO MacCUBa IPH HAIMYMHU UMEIOIINX Pa3InuHble ()OPMBI M pa3Mepbl yUaCTKOB C HU3KUM COJEP)KaHHEM TOPIO-
4Yero MaTepuaa 1 NpoAEeMOHCTPUPOBAHO BIUSHUE PABHOBECHON CKOPOCTH BeTpa B nojore jgeca. Ha npumepax nokazansl
BO3MOJKHBIC BApHAHTHI TMHAMUKH ()POHTA MT0Kapa B HATPABJIICHUSX 110 BETPY U MIPOTUB HETO.

Kniouegvie cnosa: HU30BOI IECHOHN MOXKap; MaTeMaTHYeCKast MOZIEJIb; IPOrPaMMHbIM KOMIUICKC; AUHAMHKA (POHTa
noxapa; rpaMeHT KOHIIEHTPALUH KUCIOPO/ia; HEOJHOPOAHOCTh HAIIOUBEHHOTO MTOKPOBA; CKOPOCTh BETpA.
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The problem of computer modelling of the spread of surface forest fires in a two-dimensional formulation is herein
considered. We describe the initial-boundary value problem in the form of a system of partial differential equations in the
accepted approximation of the corresponding physical and chemical processes with refinements of the mutually agreed
defining functions and the coefficients included in the equations. The Wolfram Mathematica computer algebra system is
used as a platform for developing the computer model, performing calculations, and creating a database with the out-
comes of computations. The results of numerical experiments investigating possible scenarios of how a fire zone spreads
in different directions and its behaviour near the fuelbreaks are presented. Several qualitative features of the structure,
the evolution of the temperature front, and the vector fields of the oxygen concentration gradient over the forest area are
identified and illustrated with multidimensional graphics in the presence of areas of the low content of combustible mate-
rials of various shapes and sizes, including the demonstration of the influence of the equilibrium wind speed in the forest
canopy. Possible variants of the fire front movement in the direction of the wind velocity and against it are identified and
explained using representative examples.

Keywords: surface forest fire; mathematical model; software; fire front dynamics; oxygen concentration gradient;
distribution of forest fuel; wind speed; wildfire.

Introduction

The influence of forest fires on the ecology and the environment, in particular, on air pollution, is well
known. It manifests itself on a global scale, and has negative social and economic consequences [1—4]. In the
territories of many regions, emergency situations caused by forest fires occur at regular intervals, and at the same
time, the success in their prevention and extinguishing does not increase. Therefore, it is important to search for
new solutions, technologies to prevent and reduce the intensity and duration of fires. The development of mathe-
matical, computer models of forest fires began in the middle of the last century in the United States and continues
throughout the world nowadays. A review of scientific publications indicates both successes and unresolved
issues [5-9]. In particular, there is no convincing proof for the kinetics of physicochemical transformations
and reactions used in the models [10; 11]. There are different, sometimes contradictory, models of turbulence
processes in the gas phase [12; 13]. The available field experiments do not fully meet the real conditions; there-
fore, they cannot be considered representative. Until now, no balance has been found between mathematical
models. Some models use too many simplifications, which lead to results that do not correspond to reality;
other models, on the contrary, take into account many theoretically justified descriptions, for the verification of
which there is insufficient experimental field data.

In most of the computer models given in the literature, the process of forest fire propagation is described
and analysed only for homogeneous environments. However, in reality, a homogeneous distribution of forest
fuel (mosses, litter, grasses, shrubs, trees, etc.) is extremely rare [5]. It is known that some observed effects of
forest fires are caused precisely by heterogeneity. For example, the accelerated spread of fire along clearings,
or the formation of a fire front in the form of «fingers» (fire fingering pattern [14]).
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According to the existing reviews [15—19], mathematical (computer) models of forest fires are usually clas-
sified as physical, semi-empirical (including statistical), and simulation. In the presented research, the theo-
retical model of professor A. M. Grishin [20] is used. It is considered to be the most complete mathematical
description of the spread of fires in forests and peat bogs. After the publication of the mentioned monograph,
many researchers [9; 21-23], including the authors of this work, use Grishin’s descriptions as a basis and
modify them [24] for practical use [25], ensuring that the specific conditions of the territories and climate are
taken into account.

Until recently [26; 27], the mathematical model of surface forest fires was used by the authors mostly in
a one-dimensional formulation. This paper presents the results of modelling in a two-dimensional formulation,
when spatially distributed processes are analysed in numerical experiments. Calculations of possible scenarios
of forest fires spread are outlined, discussed, and illustrated; interrelated features in distributions of tempera-
ture and of oxygen concentration gradients caused by inhomogeneities in the density of combustible vegetation
on the area are identified, interpreted, and visualised; the influence of wind direction and velocity is also taken
into account.

In order not to refer readers to previous publications, we provide and explain the main formulas of the
model and additions to them.

The mathematical model of forest fires spread

To obtain the results of this study, the problem is considered in a two-dimensional approximation (avera-
ging over the height of forest fuel). The adopted mathematical model of forest fire spread takes into account
the main processes of energy and mass transfer: heat supply caused by convection, thermal conductivity, and
radiation; evaporation of water from forest fuel due to heating; decomposition of the dry organic matter of
forest fuel into components, combustion of gaseous and afterburning of solid pyrolysis products [24-29].
The corresponding mathematical description implies the need to calculate the area distributions and the dy-
namics of the following values: 7T is the temperature of the continuous multiphase reacting medium measured
in Kelvins; @; (j =1, 2, 3, 4) are volume fractions of the components of the forest fuel material, where @,
denotes the dry organic matter of forest fuel, ¢, is water contained in vegetation in bound and free forms,
@, is the condensed pyrolysis product, @, is the non-combustible mineral part (ash) of forest fuel; ¢, (v =1, 2, 3)
are the relative mass concentrations of the components of a gaseous phase, where ¢, corresponds to oxygen, ¢,
corresponds to the combustible gases arising in the process of thermal decomposition, c; is used for a mixture
of other non-combustible gases, including water vapour resulting from drying, the carbon dioxide released
during the afterburning of coke and the oxidation of combustible gases, inert components of the air mixture,
and the products of pyrolysis and combustion reactions.

The functions 7, @,, @,, ©5, @4, ¢, C,, c; depend on both time ¢ and spatial coordinates x and y. The surface
forest fire model is formulated as an initial-boundary value problem in the form of a system of partial diffe-
rential equations (1)—(11):

99, 99, 995 99,
= (I) 5 = @ . = q) 5 = O, 1
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de,
—L + (¥, grade,) - —dlv(p5 gradcl) 2)
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Let us note that the right-hand sides of differential equations (1)—(4) represent functions depending on the
calculated variables. In particular, @, depends on @, and 7, the function @, depends on ¢, and 7, and @,
depends on @, @5, ¢, ¢,, and 7. These functions are expressed by the following formulas:
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Here ¢ is time; 7., corresponds to the unperturbed ambient temperature; / is an equilibrium wind speed;
Ah is the height of the forest fuel layer; p, (/= 1, 2, 3, 4) is the true (particle) density of the ¢; component;
ps is the density of a gas phase (a mix of gases); p., is the unperturbed density of a mix of gases (air density);
A and D are the turbulent thermal conductivity and the diffusion coefficient [20]; o is the heat exchange
between the atmosphere and the forest fuel layer; K, is the integral (absorption and scattering) attenuation
coefficient; ¢ is the Stefan — Boltzmann constant; g,, g5, and g5 are the heat effects of evaporation, of charcoal
burning, and of gaseous combustible pyrolysis products burning; &, ky,, ky; and E,, E,, E; are the pre-expo-
nential (frequency) factors and energy activations of reactions R,, R,, R;. The universal gas constant is
denoted by the symbol R; ¢, and ¢, are the relative mass concentrations in the unperturbed atmosphere
of oxygen and of combustible gases; M,, M,, M5, and M. are the molecular masses of the gas phase com-
ponents and of the condensed pyrolysis product; M is the molecular mass of air; ¢ ,_ (j=1,2,3,4) are

specific heat capacities of the @, component; Cp is the specific heat capacity of a gas phase. Here R, R,, R,

correspond to reactions of dry forest fuel pyrolysis (chemical decomposition of a substance by heating with
an allocation of combustible gases), moisture evaporation from the forest fuel (drying), and condensed py-
rolysis products burning; Rs,, Rs,, R; are the mass rates of oxygen disappearance, combustible gases gene-
ration, and combustible gases burning accordingly.

The mathematical model is focused on solving a very wide range of problems, on the possibility of re-
producing many qualitative features. Below we discuss the results of calculations when specific values and
expressions of coefficients and functions are used to characterise the composition and geometry of the distri-
bution of the forest fuel, the rates of drying, pyrolysis, combustion, and others. The appropriate selection of
values for the model supply was made so that there were no contradictions with the reasoned data given in the
literature, in particular, with experimental studies [20; 23].

Let us list the values of the coefficients and the determining parameters of the model used in this work. They
are selected based on the results of computational experiments in such a way as to demonstrate the features
of forest fire processes: the starting temperature of the environment 7, = 304 K, the parameters of the layer of
combustible vegetation (height Az = 0.1 m, bulk density p,=5 kg/m’, moisture content ¥ = 10 %, coke number
o, = 0.1); the turbulent processes in the gas phase (D, =1.5 m?%/s, A;=1000 J/(m - s - K)); the energy and mass
transfer coefficients (i, = 1.5 m ', oo = 100 W/(m® - K)). The values for the densities of the forest fuel compo-
nents, molecular masses, heat capacities, coefficients of physicochemical reactions, and several other values
are given in [26].

The initial and boundary conditions are given in [25-29].
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Software for calculating the forest fire dynamics

Approximate solutions of the reduced system of differential equations are calculated using explicit finite-
difference schemes. The spatial grid is locally uniform and adapted in real-time by taking into account the
resulting distributions. The time step is determined by the stability conditions [28; 29], taking into account
the peculiarities and intensity of physicochemical processes at each time layer [30]. The current calculation
results at the specified time points of the process are recorded in the database and separately visualised
during processing and analysis. The creation of such a database of numerical experiments allows for the
intelligent processing of the results. Computer algebra system Wolfram Mathematica is used as the basis of
a software platform [31; 32].

The results presented below were preceded by methodological calculations, in which the steps of the spatial
grid were selected based on the Runge rule. Special attention was paid to the issues of adequate correct visua-
lisation, in particular, when constructing density maps and vector fields.

Below, we present and discuss the results of calculations of how the distributions of the main characteristics
of fire are changed over time in a quadratic forest area with a side of 20 m. The process of fire development
is studied in a forest when a fire occurs in the centre of the region (taken as the origin of coordinates) and the
combustion begins to spread. It is considered that the wind in the forest canopy is directed along the Ox axis
(from left to right). At the same time, on one of the flanks, there are areas with the absence of combustible
vegetation (glades) [33].

The fig. 1-11 below show the volume density of the forest fuel; the green colour shows areas where the
forest is in its initial state, the brown colour shows areas with no combustible material (fuelbreaks), the already
burned forest areas are shown in dark blue. Also, the position and shape of the temperature of the current com-
bustion front are synthesised in the same figures using gradient colours (from blue through white and yellow
to red) as a distribution density map. The «drops» markers show the directions of the gradients of the oxygen
mass concentration; the size of the «drops» is scaled by intensity.

Fire front propagation through fuelbreaks of various sizes

The examples below consider the options for the development of fires on areas of a forest with the uniform
density of the forest fuel with inclusions in which there is no forest combustible material — round glades of
various sizes (schematically shown in fig. 1). Small glades have an area of 2.25 m?, the medium size is 4.5 m*
(twice as large), and the large is 18 m?, i. ., four times the area of the middle glade.

a b c
Time: 30 Time: 30 Time: 30

» &
® O & . BOR

Wind Wind Wind
1.5 m/s 1.5 m/s 1.5 m/s

Fig. 1. Circular fuelbreaks of various sizes: 2.25 m” (a), 4.5 m* (b)
and 18 m? (¢) respectively (time point is 30)

Figures 2—4 show the results of calculations at an equilibrium wind speed at the middle of the flame height
V' = 1.5 m/s for three different sizes of fuelbreaks. The geometry differs only in the area of the clearings.
The contour of the boundaries of the fuelbreaks and the positions of their centres relative to the combustion
centre are the same for all three options. The distributions are rendered at the same points in time.

The illustrations can be interpreted as follows. During the first stage, the line of the fire contour breaks after
meeting the glades. In the second stage, the fire «goes around» the glades. The fire propagation stops in the
direction opposite to the direction of the wind. In the direction of the wind and across (perpendicular) to the
direction of the wind, independent flanks meet together and the fire continues to spread as a united front. There
is an evident difference in the front configurations after overcoming fields of different sizes [27].

In fig. 2—4 «dropsy illustrate the directions and magnitude of the oxygen concentration gradient. The markers
are shown only in the fire zone; in the areas not affected by the fire, the values of the simulated gas concentra-
tions and temperatures are constant, the gradient is zero.
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Fig. 2. Fire spread in the case of three fuelbreaks
with 2.25 m? each at the following time points: 65 (), 130 (b), 195 (c)

Fig. 3. Fire spread in the case of three fuelbreaks
with 4.5 m* each at the following time points: 65 (a), 130 (b), 195 (c)

Fig. 4. Fire spread in the case of three fuelbreaks
with 18 m? each at the following time points: 65 (), 130 (b), 195 (c)

Let us point out a general pattern. Because combustion (increase in temperature) is a process inextricably
linked with a decrease in the oxygen concentration, then near the combustion fronts [6], the oxygen concentra-
tion gradients are collinear with the directions of movement of the edges of the fire.

Modelling the influence
of fuelbreak forms on forest fire processes

The next series of computational experiments are intended to demonstrate the difference in the behaviour
of a forest fire depending on the shape (see fig. 5) of the glades encountered in the path of the fire: rectangles
(see fig. 6), squares (see fig. 7), and circles (see fig. 8). Please note that the difference is in the shapes of fuel-
breaks, but the areas are the same. The time points shown in the illustrations also coincide. The calculations
were carried out at an equilibrium wind speed at the middle of the flame height J'= 1.5 m/s.
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a b c
Fig. 5. Three variants of fuelbreak shapes at the moment of fire ignition (time point is 30):
rectangular (a), quadratic () and circular (c) fuelbreak geometry

Fig. 6. Fire dynamics for the rectangular fuelbreak geometry
at the following time points: 65 (a), 130 (b), 195 (¢)

Fig. 7. Fire dynamics for the quadratic fuelbreak geometry
at the following time points: 65 (a), 130 (b), 195 (¢)

Fig. 8. Fire dynamics for the circular fuelbreak geometry
at the following time points: 65 (a), 130 (b), 195 (¢)
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The following interpretation of the results seems to be justified. While passing the glades, the fire front
breaks into independent parts, which go around them. In the direction opposite to the wind speed the propaga-
tion stops. Along the wind direction and «perpendicularly» to it, the autonomous parts of the fire front close
again, and the fire spreads as a united front. There is a noticeable difference in the resulting configuration of the
front isotherms after overcoming different forms of glades. The question whether these differences will grow
in time, or whether the fronts will take the same configuration, requires a separate study.

Taking into account the influence of the wind speed

The influence of the wind speed on the nature of the forest fire spread is illustrated in fig. 9—11. In the given
computational experiments, in terms of geometry, the case of circular fuelbreaks of a «small» size is consi-
dered. Figure 10 (the same as fig. 2) shows the calculation for the wind speed V' = 1.5 m/s; fig. 9 and 11 show
the results of two additional series of calculations, which differ from the version in fig. 10 only by the wind
speeds ¥, which are equal to 1 and 2 m/s respectively.

Fig. 9. Fire dynamics for the circular fuelbreaks at 1 m/s wind velocity
at the following points: 65 (a), 130 (b), 195 (¢)

Fig. 10. Fire dynamics for the circular fuelbreaks at 1.5 m/s wind velocity
at the following points: 65 (a), 130 (b), 195 (¢)

Fig. 11. Fire dynamics for the circular fuelbreaks at 2 m/s wind velocity
at the following points: 65 (a), 130 (b), 195 (¢)
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Figure 9 is of particular interest. At low wind speeds, fire fronts overcome the glades in all directions, in-
cluding the direction against the wind. It should also be noted that the width of the burning line in the direction
of the wind is narrower than on the flanks, and in the rear this width is maximum. In fig. 9 at time 195 it is
noticeable that the point of the minimum oxygen concentration is shifted to the right (to the direction of the
wind), relative to the centre of the initial fire occurrence. The most likely reason is the influence of the convec-
tive transport due to the wind force.

Concluding the discussion of the results and illustrations of the distributions of temperature and bulk density
of combustible forest materials, let us note that the developed software package can also calculate and save to
a database [35] the distributions of the released water vapour [34], polluting gases, coal and ash. The corres-
ponding spatial distributions and integral characteristics at control points in time can be visualised with maps,
tables, and graphs of changes.

Conclusion

The article discusses the results of numerical experiments; the qualitative differences in the evolution and
configuration of the fire front, the directions and intensities of the oxygen concentration gradients during
the surface forest fire spread are identified and noted. Situations are considered when there are fuelbreaks
of different shapes and sizes on the path of the fire front, moreover, for several typical variants of the wind
speed in the forest canopy. Possible specific features of the controlled distributions of the process charac-
teristics are shown.

Separately, we note the features of conducting computational experiments. In terms of the software per-
formance, it should be noted that calculations are very time-consuming, each option is calculated on a «regu-
lar» laptop for several tens of hours, but at this stage optimisation and performance improvement, including
Wolfram Mathematica tools for parallelising calculations, were not implemented. The possibilities of such
technical solutions are obvious, because explicit approximations are used, the grid solution of each equation
of the system can be calculated on a separate computing core. The current state of performance of the software
complex suits the goals of its use, the main of which is filling collections of typical process scenarios for basic
fragments of territories for typical environmental conditions and forests. The positive aspects of the developed
software package are the ability to interrupt calculations at any time, visualise and analyse the intermediate
results, change the model parameters and continue calculations from any saved time layer.

The authors have accumulated a large volume of results of calculations of the dynamics of forest fires va-
rying in a wide range of parameters and initial conditions included in the model. We developed methodological
and technical solutions for the use of artificial neural networks for geodata processing [32; 36; 37]. Based on
the generated database of calculation results, we plan to make it possible to predict the dynamics of forest
fires in real time using semi-empirical models [38] by extending them with intelligent data processing tools.
The main part of such work will be the inclusion of neural networks in the complex: a) creation of test cases
for training a neural network based on the database of numerical results of forest fires propagation; b) after
training, the neural network would predict in real-time the propagation velocity of the fire contour depending
on the categories of territories, climatic conditions, density of distribution of forest vegetation.
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