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Abstract 

The mathematical model of fire propagation is presented including the thermal effects of reactions and processes of pyrolysis, 
evaporation of water, burning of coke, and oxidization of volatile combustible pyrolysis products. The decision of task has 
executed the method of breaking up physical processes. Test calculations are presented 
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1. Introduction 

The steppe zone is one of the mainland biomes. 

The steppe zone is characterized by a hot and arid 

climate during most of the year. Currently, steppe 

fires have become commonplace. Dry grass catches 

fire, and the fire that has begun quickly expands the 

front and goes in a strip several tens of kilometers 

wide at a speed of 7 m/s. The width of the 

combustion front wave at its height of 2-3 m is no 

more than 1 meter. During steppe fires, young trees 

die, so steppe fires stop the advance of the forest on 

the steppe [3]. Thus, steppe fires cause great damage 

to pastures, steppe vegetation, and economic 

facilities in Russia, in particular Bashkortostan. 

Therefore, it is of interest to study steppe fires based 

on a mathematical model [2].

2. Formulation of the problem

Let there be a center of elevated temperature in 

an infinite homogeneous steppe massif, initiating a 

steppe fire. The X-axis is related to the direction of 

the wind, the Y-axis is directed perpendicular to the 

direction of the wind, and the Z-axis is vertically 

upward. The origin of the coordinates is located near 

the center of elevated temperature. It is required to 

describe the further evolution of the steppe fire. 

We will assume that the organic mass of the 

steppe, following the model adopted in [2], is a 

multiphase reactive porous continuous medium 

consisting of dry organic matter, water in a liquid-

drop state, condensed pyrolysis products enriched in 

carbon, a mineral part (ash), gas and dispersed 

phases. 

We also assume that: 

• other combustible components CO, CH4, and H2 

that are parts of the volatile pyrolysis products can 

be modeled by one effective combustible gas with 

the reactive properties of carbon monoxide [1, 2]; 

• CO2 and other inert components can be modeled 

as an effective reaction product. 

Thus obtaining a gas phase consisting of three 

components: an oxidizer O2, a combustible gas (as an 

effective combustible gas, we take CO as the 

predominant combustible component of the 

pyrolysis products), and CO2 together with other 

inert components of the gas phase. The transfer of 

energy from the combustion front to non-burning 

fuel is generally carried out by conduction, 

convection, and radiation [1, 2]. 
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Let us assume that all parameters are uniform 

along the Y-axis direction. Then the equations in the 

steppe region, expressing the laws of conservation of 

a multicomponent reacting medium in the divergent 

form [1], have the form:
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Here 

cp,i, i, I – specific heat capacities, true 

densities and volume fractions 

of the i-th phase of the multi-

phase reacting medium (i = 1 – 

dry organic matter; i = 2 – 

water in a liquid-drop state; i = 

3 – condensed pyrolysis 

products of dry organic matter; 

i = 4 – mineral part (ash); i = 5 

– gas phase); 

T – gas phase temperature; 

Ts – solid temperature;  

C – mass concentrations of gas 

phase components ( = 1 – 

oxygen;  = 2 – combustible 

components of pyrolysis 

products;  = 3 – oxidation 

products of combustible 

pyrolysis components;  = 4 – 

inert components of the gas 

phase, non-reacting pyrolysis 

products, and water vapor); 

u, w – velocity projections on the X 

and Z axes, respectively; 

p, pe – pressure in the flow and the 

unperturbed region, 

respectively; 

' – the stroke is attributed to the 

pulsation components of the 

characteristics of the turbulent 

flow; 

l – the length of the mixing path; 

K – kinetic energy of turbulence; 

Prt – turbulent Prandtl number; 

R1s – mass reaction rate of pyrolysis 

of steppe combustible material 

(SCM);  

R1s – mass evaporation rate of 

moisture associated with SCM; 

R3w – mass burning rate of 

condensed pyrolysis products; 

w
c

s R
M

M
R 3

1
3 =  – mass rate of loss of coke 

(carbon) as a result of its 

combustion; 

R51, R52 – mass rates of disappearance 

and formation of gas phase 

components (oxygen and 

carbon monoxide); 

R5 – mass rate of gas-phase carbon 

monoxide oxidation reaction;  

q1 = 0 

q2 = 3·106 

q3 = 1.2·107 

q5 = 107 

 – thermal effects of reactions and 

processes of SCM pyrolysis, 

evaporation of water associ-

ated with SCM, coke combus-

tion and oxidation of volatile 

combustible pyrolysis pro-

ducts, J/kg; 

C'4 – constant concentration of inert 

components; 

Q – mass rate of gas phase 

formation; 

 – volumetric (interfacial) heat 

transfer coefficient; 

 – the proportion of heat of the 

gas-phase oxidation reaction of 

gaseous pyrolysis products 

absorbed by the condensed 

phase [1]; 

M, Mc, M – molecular weights of 

individual components, carbon 

and the mixture as a whole; 

s = 0.5 m-1 – specific surface of the SCM 

element; 

cd = 0.03 – resistance coefficient; 

s = 1000 m-1 – effective specific surface of 

coke; 

E1, E2, E3, E5 – activation energies of chemical 

reactions; 

k1, k2, k3, k5 – constants of chemical 

reactions: 
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,94001 K
R

E
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14
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,600002 K
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E
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,100003 K
R

E
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1
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,115005 K
R

E
=

 

113
5 103 −= ck

 
c – coking number SCM; 

g = 0.7 – mass fraction of combustible 

gas in the total mass of flying 

pyrolysis products; 

t, t, Dt – coefficients of dynamic 

viscosity, turbulent thermal 

conductivity, and turbulent 

diffusion, respectively; 

r1 = 500 

r2 = 1000 

r3 = 200 

r4 = 200 

 – true densities of dry SCM, 

water, coke, ash, respectively 

kg/m3; 


=

=
n

j
jj,ps,p Ccc

1

 
 – an average heat capacity of a 

mixture of gaseous pyrolysis 

products, where n is the 

amount of the main gaseous 

pyrolysis products, and Cj is 

their share in the total volume 

of gas released because of this 

reaction.
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Here G – the area corresponding to the initial 

source of combustion; 

*t  – the time during which the temperature is 

maintained in the hearth.

3. Numerical solution and analysis of the results 

The system of equations is solved by the method 

of splitting by physical processes. The essence of this 

method is that the solution of the original system at 

each time step is divided into stages,  1, +nn tt
 and at 

each stage, a subsystem of the original system of 

equations is solved that describes a particular 

physical process, and the initial data at each stage are 

the solutions obtained at the previous stage. 

The calculation area is a rectangle measuring 10m 

by 5m, respectively, in X and Z coordinates. Steppe 

combustible material occupies the area 

 мzмx 10;100 = . 

At time t = 0 on the section, 

 mzmxG 10;6.00 =  the source of fire is set, 

i.e. the temperature in this region is greater than 

some critical temperature, which will further 

support the combustion of the SCM. It is required to 

describe the spread of fire at t > 0. 

At the initial moment, the following numerical 

values of the parameters were taken: 

t = 0; ue = 2 m/s; we = 0 m/s; 

C1e = 0.25; C2e = C3e = 0; C4 = 0.75; 

1e = 0.057; 2e = 3e = 4e = 0; 

 = 1.29 kg/m3; Te = 300 K; 

Tg = 1200 K; s =0.5 m-1; cd = 0.03. 

As a result of numerical integration of the system 

of equations (1)÷(9), which describe the process of 

propagation of steppe fires, with the corresponding 

initial and boundary conditions, the temperature 

fields of the gas and solid phases, mass 

concentrations of the gas phase components, volume 

fractions of the solid phase components were 

obtained at various points in time. 
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Figures 1-3 show the temperature profiles of the 

gas phase on the X0Z plane. 

Figure 2 shows that there is an increase in 

temperature above the fire. There is also a further 

spread of fire – the front of the fire is 3.5 m from the 

origin. In Figure 3, the fire front is already at a 

distance of 6 m. 

From Figures 2 and 3 it follows that the speed of 

fire propagation is 3 m/s. This value agrees with 

experimental data [2]. 

 

Figure 1. Gas phase temperature. t = 0 s,  mzmxG 10;6.00 =  

 

Figure 2. Gas phase temperature. t = 1 s,  mzmxG 10;6.00 =  

 

Figure 3. Gas phase temperature. t = 2 s,  mzmxG 10;6.00 =  

Figures 4 and 5 show the velocity fields at t = 1 s 

and 2 s. Figure 4 shows that a convective column is 

forming above the fire front. In Figure 5 the velocity 

field for a steady flow in the surface layer of the 
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atmosphere is given. It can be seen that a large 

whirlwind is formed on the windward side of the fire 

front. The velocity field agrees qualitatively with the 

experimental data [1, 2].

  

Figure 4. Velocity field. t = 1 s,  mzmxG 10;6.00 =  

 

Figure 5. Velocity field. t = 2 s,  mzmxG 10;6.00 =  

Figures 6÷10 show the distributions of 

temperature and velocity fields in the case of 

heterogeneity of the SCM content – from 2 to 5 m 

there is no SCM: 

 mzmхmmx 10;105,20 =  

Figures 6 and 7 show temperatures at time point 

1 and 2 s. In this case, the SCM burns out in the area 

from 0 to 2 m, and the condensed and volatile 

pyrolysis products are blown away by the wind over 

the area where there is no SCM. In 2 s, the pyrolysis 

products reach the next SCM layer, located from 5 to 

10m (Figure 7). The fire is then extinguished. 

Therefore, under these conditions, the absence of a 3 

m wide SCM is sufficient to stop the spread of a 

steppe fire. The velocity field differs little from the 

velocity field, as in the case of a uniform SCM 

distribution (Figure 8). The formation of a 

convective column directed downwind is also 

visible. Figure 9 shows the temperature profile at t = 

2 s (from 2 m to 3 m there is no SCM): 

 mzmхmmx 10;103,20 =  
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The absence of SCM in 1m is not enough to stop 

the spread of fire in these conditions. Here, the next 

layer of SCM ignites (T = 1200 K) and further fire 

propagation. The velocity field, in this case, is given 

in Figure10. 

 

Figure 6. The temperature of the gas phase with an inhomogeneous distribution of SCM. 

t = 1 s,  mzmхmmx 10;105,20 =  

 

Figure 7. The temperature of the gas phase with a non-uniform distribution of SCM. 

t = 2 s,  mzmхмmx 10;105,20 =  

 

Figure 8. Velocity field with non-uniform distribution of SCM. 

t = 2 s,  mzmхmmx 10;105,20 =  
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Figure 9. The temperature of the gas phase with a non-uniform distribution of SCM. 

t = 2 s,  mzmхmmx 10;103,20 =  

 

Figure 10. Velocity field with non-uniform distribution of SCM. 

 t = 2 s,  mzmхmmx 10;103,20 =  

4. Conclusions 

The simulation of the contour of the steppe fire 

carried out in the work showed that the model under 

consideration correctly reflects the main 

characteristic features of the fire. The model allows 

for further improvement, taking into account various 

natural factors. It is known that the criterion for the 

validity of theoretical results is their agreement with 

observational data on the characteristics of real 

steppe fires. A comparison of the experimental 

temperature profiles for steppe fires with the 

theoretical ones showed that taking into account the 

accuracy of setting the initial data, these results 

agree satisfactorily with each other. Thus, in this 

paper: 

• An algorithm was proposed for the numerical 

solution of the system by the method of splitting 

into physical processes; 

• A program code was written that implements the 

large particle method for the system of equations 

of a two-dimensional two-phase model of steppe 

fires 

• Test calculations were carried out showing that 

the model gives a qualitatively correct picture of 

the spread of the fire front. 
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