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ABSTRACT  
Fire spread in any fire environment is a thing of great concern as 
wind is arguably the most important weather factor that influences 
the spread of fire. In this paper, we present equations governing 
the phenomenon and assume the fire depends on the space 
variable x .  Analytical solution is obtained via perturbation 

method, direct integration and eigenfunction expansion technique, 
which depicts the influence of parameters involved in the system. 
The effect of change in parameters such as Peclet mass number 
and Equilibrium wind velocity are presented graphically and 
discussed. The results obtained revealed that both Peclet mass 
number and Equilibrium wind velocity enhanced oxygen 
concentration during fire spread. 
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INTRODUCTION 
Weather has a profound influence on wildland fire ignition potential, 
fire behavior, and fire severity. Local weather are affected by large-
scale patterns of winds over the hemispheres (Randall, 2009). 
Weather is defined as the state of the atmosphere at some place 
and time, described in terms of such quantitative variables as 
temperature, humidity, cloudiness, precipitation, and wind speed 
and direction. Weather is dynamic and differs from the climate of a 
location, since observed weather over a time period constitutes 
climate. Fire weather, collectively, is the weather variables, 
especially wind, temperature, relative humidity, and precipitation 
that influence fire starts, fire behavior, or fire suppression (Pyne et 
al., 1996). Kasischke et al. (2002) used geographic analyses to 
show that the most relevant weather factors affecting fire 
occurrence in Alaska were growing season temperature, 
precipitation, and lightning frequency. Short-term local weather, 
particularly unusual dry spells, low relative humidities, and windy 
weather generally associated with cold fronts, predispose wildland 
fuels to fire (Johnson and Miyanishi, 2001). 
 
Wind affects fire occurrence and especially fire behavior at the 
synoptic, regional, and microclimate scales. Fast-moving air at high 
altitudes or the jet stream level has been observed to enhance 
wildland fire behavior by allowing drier and warmer stratospheric 
air to penetrate to the lower part of the troposphere (Carlson, 1980; 
Danielsen, 1968; Keyser and Shapiro, 1986).Randall (2009) stated 
that most wildland fire move in one or more directions depending 
on the availability of fuels, wind direction, and topography. If fuels 
are discontinuous (e.g., as in deserts), then a fire may not spread 
successfully unless wind velocity and direction are sufficient to 
cause a fire to ‘‘leap’’ the gap between fuels. 
 
 
Mandel et al. (2018) studied Coupled atmosphere-wildland fire 

modelling with Weather Research and Forecasting (WRF) Fire. 
They described the coupled atmosphere-fire model WRF-Fire, as 
they did not support canopy fire, although canopy fire collocated 
with ground fire is contained in Coupled Atmospheric Wildland Fire 
Environment (CAWFE).  In a coupled model, however, the 
feedback on the fire is from the wind that is influenced by the fire. 
Lopes et al. (2017) addressed the problem of how wind should be 
taken into account in fire spread simulations. Their study was 
based on the software system Fire Station, which incorporates a 
surface fire spread model and a solver for the fluid flow (Navier–
Stokes) equations. It was noted that, a two-way coupling method 
for fire behaviour analysis, where the buoyancy effects caused by 
the fire heat release are fully simulated. They concluded and 
described the underlying models for wind field and fire spread 
calculation. Zhiri et al. (2020) worked on modelling fire spread 
behaviour in coupled atmospheric-forest fire using direct 
integration and eigenfunction expansion technique to obtained 
analytical solution and concluded that, an increase in activation 
energy number causes temperature to retard but oxygen 
concentration is enhanced. 
Wildland fire are often described by the direction the fire is 
spreading relative to the direction of the wind. A fire that spreads in 
the direction that the wind is blowing is called a heading fire, a fire 
that spreads in the direction the wind is blowing from is called a 
backing fire, and a fire that spreads perpendicular to the wind 
direction is called a flanking fire. The rates and completeness of 
combustion often differ as a function of fire spread, which in turn 
influences the production of smoke. 
This study is aimed at establishing an analytical solutions capable 
of determining the nature of fire spread reaction rate in coupled 
atmospheric-weather condition. This will be achieved via 
perturbation method, direct integration and eigenfunction 
expansion technique. 
 
MODEL FORMULATIONS 
A wildfire model is formulated based on balance equations for 
energy and fuel, where the fuel loss due to burning corresponds to 
the fuel reaction rate. The respective equations governing forest 
fires propagation are: 
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Mass concentration of oxygen 
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Energy balance equation 
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With initial and boundary conditions: 
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Where; 

s  is the volume fraction of dry organic substance, 
m  is the 

volume fraction of moisture,
c  is the volume fraction of coke, 

oxC is the concentration of oxygen, T is the temperature (in 

Kelvin), t  is the time, x  is a coordinate in the system of 

coordinates connected with the centre of an initial fire (distance), 

T
is the unperturbed ambient temperature, , 1,2,3jk j   

are the pre- exponential factors of chemical reactions, 

, 1,2,3jE j   are the activation energy of chemical reactions, 

C is the concentration, R is the universal gas constant, S is 

the specific surface of the condensed product of pyrolysis (coke), 

v is the equilibrium wind velocity vector, U is the reference 

velocity, T is the turbulent thermal conductivity, oxC
is the 

unperturbed density of concentration of oxygen, 

),,(, cmsiPi 
is the 

thi phase density, that is s is the 

density of dry organic substance, m  is the density of moisture, 

c  is the density of coke, g is the density of gas phase (a mix 

of gases), h is the crown height, cM
is the molecular mass of 

carbon, 1M
is the mass of combustible forest material (CFM), 

pgC
is the thermal capacity of a gas phase, 

, 2,3jq j 
 

defines heat effects of processes of evaporation of burning, TD

is the diffusion coefficient,  is the coefficient of heat exchange 

between the atmosphere and a forest canopy, c is the coke 

number of combustible forest material (CFM), 
RK is the Stefan-

Boltzmann constant, , ( , , )
ipC i s m c is the 

thi phase of 

thermal capacity, s is the dry organic substance, m is the 

moisture, c is the coke, ox is the oxygen (
2O ). 

 
METHOD OF SOLUTION 
Non-dimensionalisation 
Here equation (1) – (6) are non-dimensionalize using the following 
dimensionless variables: 
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Where; 
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Analytical Solution 
Using perturbation method, direct integration and eigenfunction expansion technique, the analytical solution of equations (8)—(12) are obtained 
as follows: 
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The computation were done using Maple 17 to generate the graphs. 
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RESULTS AND DISCUSSION 
To conclude this analysis, we examine the effect of Peclet mass 

number  emP and Equilibrium wind velocity  v  on oxygen 

concentration  ,x t . Analytical solution given by equation 

(14) to (18), is computed using computer symbolic algebraic 
package MAPLE 17. The numerical result obtain from the method 
are show in Figure 1 and 2 

Figure 1 depicts the graph of oxygen concentration  ,x t  

against distance x  for different values of Peclet mass number

 emP .    It is observed that the oxygen concentration oscillates 

along the distance and maximum concentration increases as the 
Peclet mass number increases. 

Figure 2 depicts the graph of oxygen concentration  ,x t  

against distance x  for different values of equilibrium wind velocity

 v .  It is observed that the oxygen concentration oscillates along 

the distance and maximum concentration increases as the 
equilibrium wind velocity increases. 
 

 

Figure 1: Graph of oxygen concentration  ,x t  against 

distance x  for different values of Peclet mass number  emP .  

   0.3 (Red),emP     0.5 (Green) andemP  

   0.7 (Blue).emP  

 

Figure 2: Graph of oxygen concentration  ,x t  against 

distance x  for different values of equilibrium wind velocity  v .  

 v = 0.1 (Red),     0.2 (Green) andv  

   0.4 (Blue).v  

It is worth pointing out that the effects observed in figures 1 and 2 
are important for fire safety precaution as both parameters 
enhanced maximum oxygen concentration along the distance that 
escalate the rate of fire spread. Forest fire fighters could employ 
necessary skills and tools to retard the increase rate of these 
parameters discussed in this study as wind plays an important role 
in fire spread simulation. 
 
Conclusion 

For a high activation energy situation (i.e., as 0 ), we 

have solved the equations governing the fire spread model using 
perturbation method, direct integration and eigenfunction 
expansion technique. From the result obtained, we can conclude 
that, Peclet mass number and Equilibrium wind velocity enhances 
oxygen concentration. 
These results obtained are not only expected to guide fire services 
to manage the danger rating forest fire spread rate but to forecast 
the specific weather elements relating to forest fire. 
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