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A B S T R A C T  

   

In this investigation, the structure of one-dimensional flame propagation in uniform cloud of volatile 
organic particles has been analyzed in which the structure of flame is divided into three zones. The first 
zone is preheat zone which is divided into three subzones itself. In the first subzone (heating), particle 
cloud is heated until the moist particles reach to vaporization temperature (water vapor). In the next 
subzone (drying), particle moisture comes out, and in the final subzone the pyrolysis phenomenon 
takes place. The second zone is the reaction zone, and the last one is the post-flame zone. In this 
research, an analytical method is used in order to solve the governing equations of particle cloud 
combustion in aforementioned zones. The overall investigation of this study leads to a non-linear 
burning velocity correlation. Consequently, the results show that a decrease in particle moisture 
content or an increase in equivalence ratio ( uϕ ) or Lewis number causes to increase in moisture 
evaporation and devolatization rates, and consequently both flame temperature and burning velocity 
increase 
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1. INTRODUCTION1 

 
In recent years, many discussions about completion of 
fossil fuel resources have been negotiated. In many 
countries, fossil fuels are the main energy source of 
human activities. These resources can afford human 
necessity just for a few decades, thus finding new 
replacements for energy sources is a challenging issue 
for energy security. Investigations to produce energy 
from biomass and municipal solid waste have been done 
by many researchers [1-4]. Biomass is presently 
estimated to contribute of the order 10–14% of the 
world’s energy supply [5]. It is notable that biomass 
consumption does not have any by-products like 2CO  
generation [6, 7]. Biomass has low energy density, 
therefore transportation of these fuels to power plants 
isn't economical. However, small scale biomass 
conversion system is suitable for local usage. The 
Stirling engine is one of the best available technologies 
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for small-scale power production from biomass. To 
achieve a reliable model for biomass combustion, 
research on organic particles cloud is necessary. 

On the other hand, more than 70% of dusts 
processed in industry such as wood processing and 
storage; grain elevators, bins and silos; flour and feed 
mills; starch or candy production; spice sugar and cocoa 
production and storage; coal handling or processing area 
are combustible [8]. Understanding of burning 
mechanism of organic particles may help us to prevent 
dust explosion and its hazards [9]. The history of the 
industrial development has been punctuated by a 
number of hazardous explosions with a frequency and 
severity level increasing in proportion of the spreading 
of process industry [10].  

The most important dust explosions happen in coal 
mining industry. These accidents spread little by little 
throughout the whole industry field. It commonly 
admitted that one dust explosion occurs in each 
industrialized country every day [11]. 

A dust explosion is likely to occur when a finely 
divided combustible solid (in practice, the mean 
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diameter of the particles should not exceed 1 mm) 
happens to be dispersed as a cloud in air (with a typical 
mass loading between 10 and 1000 grams of dust per 
cubic meter or cloud), and when an appropriate ignition 
source (hot body, flame, electrical or mechanical spark, 
etc.) is activated inside the mixture. The heat evolved 
from the ignition source initiates the combustion of the 
particles located in the vicinity of the ignition point. 
These particles act themselves as an ignition source for 
the adjacent slabs of the mixture so that a ‘combustion 
zone’ is allowed to propagate without additional input 
of energy throughout the cloud. This ‘combustion zone’ 
has generally a finite thickness and is called the ‘flame’ 
[12]. 

Experimental researches show that moisture content 
and particle size have great impact on dust explosion. 
According to previous investigations, some definitions 
were characterized, like MIT point. The lowest 
temperature at which ignition occurs is characterized as 
‘minimum ignition temperature’ (MIT). MIT increases 
with the presence of moisture in dust cloud, but it 
decreases by decreasing the particle size and increasing 
in volatile matter, oxygen concentration, and thickness 
of dust layer [10]. 

Experimental evidence gathered over the last two 
decades support the idea that the basic flame 
propagation mechanism in dust clouds has a general 
similarity with premixed gaseous flames [11]. Beside 
this, they have differences, a dust particle must first 
volatilize before catching fire [9]. In fact, organic dusts 
combustion starts after a devolatilization process [13, 
14] in which any different particle in material and size 
behaves distinctively. In some cases like coal when the 
particle is exposed to heat sources, it is cracked to gas, 
liquid and solid phases that are named respectively gas, 
tar and char. In this study, it is assumed that lycopodium 
particles particle is only converted to gas.  

The rate and the extent of flame propagation depend 
on factors such as nature of dust, dust particle size, and 
nature of combustion byproducts. Dust combustion is a 
complex phenomenon in the sense that it involves 
simultaneous momentum, energy, and mass transport in 
a reactive multi-phase system [15]. 

In this article an analytical, approach has been used 
to evaluate the flame characteristics, and finally the 
effect of some important parameters such as moisture 
content, particle number density and Lewis number on 
the flame characteristics has been investigated.  

 
 
 

2. GOVERNING EQUATION 
 
A model is developed to describe steady, one-
dimensional, planar flame propagation in a combustible 
mixture consisting of uniformly distributed moist 

volatile fuel particles in air. The initial number density 
of the moist particles,  un  (number of particles per unit 
volume) and the initial radius ur , are presumed to be 
known. All external forces including gravitational 
effects are assumed to be negligible. Other 
approximations introduced are that diffusion caused by 
pressure gradient is negligible, Soret and Dufour effects 
are negligible, and heat transport by radiation is 
negligible. 

In previous researches [16-19], it has been assumed 
that lycpodium particles are dry, however in this work, 
it is assumed that they contain moisture and final 
product of thermal degradation is mainly methane. 
Devolatilization rate of moist particle has two steps, 
namely moisture evaporation (drying), and volatile 
evaporation [16, 20]. The kinetics of pyrolysis and the 
kinetic of drying are expressed respectively by: 

(1)  n
uspyr TTrAnw )(4 2 −= π  

(2)  n
usdry TTrnAw )(4 2 −′= π  

Since large portion of gaseous fuel is methane, the 
gas properties are considered the same as methane. 
Since the fuel is burnt in air oxidizer bed, the 
combustion products are assumed to be CO2 and H2O. 
Reaction occurs in thin zone O(ε) whereas preheat and 
post flame zones have considerable length. This 
assumption is based on high Zeldovich number and ε  
is defined as a reciprocal of Zeldovich number. The 
flame structure is divided into to three zones: preheat 
zone, reaction zone and post flame zone. The Zeldovich 
number, which is presumed to be large, is defined as: 

(3)  
( )

2
f

uf

RT
TTE

Ze
−

=  

Here the subscripts f and u denote conditions in the 
flame and the ambient reactant stream, respectively. 

It is assumed that internal resistance versus external 
resistance is negligible (Bi=0) since particles are micro-
scale. From this assumption, it is concluded that 
heating, drying and volatile evaporation processes do 
not occur simultaneously. To observe aforementioned 
processes individually, preheat zone itself is divided 
into three subzones: heating, drying and volatile 
evaporation. In each subzone of preheat zone, different 
reactions take place; particles in heating subzone are 
heated from ambient temperature T=300K to reach 
T=373K. In drying subzone, the moisture content of 
particles is evaporated, and finally in volatile 
evaporation subzone, volatile evaporation starts and 
particle shrinks to become a small fraction of its initial 
size. Figure 1 shows a schematic illustration of the 
presumed flame structure. 
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Figure 1. The flame structure of dust particles 

 
 

General mass conservations, organic particles 
conservation, gas phase conservations equations along 
with energy conservations formulate the physical 
phenomena in solid particle combustion. State equation 
of gas phase mixture is used to close the equations in 
condition of atmospheric combustion. 

The governing equations in this problem are 
nonlinear [16] which can be transformed into a linear 
form by introducing an independent variable x that is 
related to the spatial coordinate x′  as: 

(4)  xdx
x

u
′








= ∫

′

0 ρ
ρ  

Ø Mass conservation: 

(5)  ctev =ρ  

Ø Energy conservation: 

(6)  
×−+= pyr

u
pyr

u
Fu QwQw

dx
Td

dx
dTvC

ρ
ρ

ρ
ρ

λρ 2

2

( ) ( )ddry
u

dryvap xxHQwxxH −×−−
ρ

ρ  

λ is heat conductivity, wF gaseous fuel consumption 
rate, wpyr organic particles devolatilization rate, wdry 
moisture evaporation rate, Q the heat released from 
combustion, Qpyr the heat absorbed by particles for 
devolatilization, Qdry the heat required for drying and C 
heat capacity of mixture, and finally H the heavy side 
function. 
Ø Gaseous fuel conservation: 

(7)  
×+−=

ρ
ρ

ρ
ρ

ρρ u
pyr

u
F

F
uu

F ww
dx

YdD
dx

dYv 2
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( )vapxxH −  

In the above equation, Y is mass fraction and D 
mass difiusion coefficient. 
Ø Equation of state 

(8)  cteT =ρ  

Ø Mass conservation of solid organic particles: 

 (9)  
( ) ×−−×−=

ρ
ρ

ρ
ρ

ρ u
pyrd

u
dry

S wxxHw
dx

dYv  

( )vapxxH −  

The heat capacity of mixture C is the combined heat 
capacity of the gas Cp and the particles Cs, can be 
evaluated from the expression: 

(10)  ( )
ρ

ρπ
3

4 3
sss

p
nCrCC +=  

Ø Boundary conditions are: 

(11)  
At: −∞=x  0=== FFusu YYYTT  
At: +∞=x  finiteYYT Fb ==  

 
 

3. NONDIMENSIONALIZATION OF GOVERNING 
EQUATION 

 
These parameters are used to nondimensionalize the 
governing equations: 

(12)  
( )
( )uf
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TT

TT
−
−
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Fc

F
F Y
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F c

s
s Y
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uu v
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Z

uuρ
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In the above equation, Tf is flame the temperature 
and YFc is defined as: 

(13)  ( )ufFc TTCQY −=  

Finally, these dimensionless quantities are defined: 
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3
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TTAn

ρρ

λ
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=   

In the above equations, Vu is burning velocity of 
flame. q2 has negligible quantity (close to zero) which 
means heat release from reaction is greater than heat 
absorbed by particles for devolatilization. Hence,  q1 is 
vanished in the next analysis step. In the same way,  q1 
is supposed to be negligible to solve the conservation 
equations analytically, but in the resumption, the effect 
of moisture evaporation is added to the solution. 
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It is presumed that m=1, in this case we replace θ 
with θ˚ and thus dimensionless equations yield to: 
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4. FLAME STRUCTURE ANALYSIS 
 
Now, the above equations are solved in each zone by 
appropriate assumption to analyze the problem and 
evaluate the flame characteristics. 

 
4. 1. Preheat Zones (-∞<Z<0)      In the asymptotic 
solution (ε→0), reaction term can be neglected, because 
in preheat zone particles devolatilize and formed 
gaseous fuel without any reaction. Energy equation and 
boundary conditions are: 

(17)  
0

10
0

0

=→−∞=

=→=

θ

θ

Z
Z  

By solving the above equation, the nondimensional 
temperature field is: 

(18)  0),exp(0 ≤= ZZθ  

Considering the effect of moisture in the energy 
equation, a coefficient F(M, φu) is multiplied to the 
solution of energy equation. This coefficient is obtained 
via comparing the adiabatic temperature of dry dust 
flame with a dust flame which has moisture content. 
Consequently F(M, φu)≤1 and 
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4. 2. Heating Subzone (-∞<Z<Zd)      Mass 
conservation equation of organic particles: 
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YFu and YH2ORu in the above equation are the amount 
of available fuel and moisture in initial particles 
respectively. Conservation equation of gaseous fuel: 
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4. 3. Drying Subzone ( )vapd ZZZ <<       Mass 
conservation equation of organic particles: 
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By defining a1=γ1/3n the upper equation changes to 
below equation: 
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To obtain explicit expression of Zvap: 
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Conservation equation of gaseous fuel: 

(25)   
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4. 4. Volatile Evaporation Subzone ( )0<< ZZ vap   

Mass conservation equation of organic particles: 



797                                                 M. Bidabadi  et al. / IJE TRANSACTIONS B: Applications  Vol. 27, No. 5, (May 2014)  793-802 

finiteyZ

yZZ

ZZHy
dZ
dy

s

svap

vap
n

s
s

=→=

′=→=

−×−=

0

)(03
2

2

α

θγ

 

2

1 3 32

[ ( ( , )) exp( )
3

( ( , )) exp( ) ]
3

n
s u

n
u vap

y F M nz
n

F M nZ
n

γ
ϕ

γ
ϕ α

−
→ = +

+   

(26) 

By defining a2=γ2/3n upper equation changes to below: 
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Conservation equation of gaseous fuel: 
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(28) 

By solving gaseous fuel conservation equation in all 
three subzones according to the boundary conditions 
mentioned below, it is possible to determine all of the 
six constants which are revealed in their solutions. 
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4. 5. Reaction Zone ( 0=Z )      In this zone, the rate 
of reaction is considerable and convection and 
devolatilization terms are negligible in comparison with 
diffusion and reaction terms (asymptotic solution ε→0). 
It means: 
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Governing equations in this zone transform to: 

ρ
ρ

ω

ρ
ρ

ω
θ

u
F

F

u
F

s
s

dZ
yd

Le

dZ
d

ctey
dZ
dy

=

−=

=→=

2

2

2

02

1

0
 

(31)
 

In the above equation, gaseous fuel reaction [16] is 
defined as: 

)exp(
RT
EBk
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FFFFF
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The subscript F denote gas C, W and k are the molar 
concentration, molecular weight and the rate constant of 
the overall reaction; v is stoichiometric coefficient of 
the fuel component which can be substituted by relevant 
gas yield in devolatilization process. 

Expansion parameter ε=1/Ze is used to analyze the 
flame structure in reaction zone, and to define following 
parameters: 
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Hence, t=y/Le. 
By substituting the relevant quantities, they yield to: 
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By solving the above equation in reaction zone 
according to these boundary conditions: 
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By introducing new variables and their related 
boundary conditions, it is possible to solve Equation 
(35) as below: 
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Thus: 
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The matching condition across the reaction zone is 
used to obtain another expression for determination of 
Tf. 
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For sufficiently high values of Tf, it is reasonable to 
set YFF=0, which implies that b=0. By assuming that the 
gradients at 0+ are of the order of ε, it results to: 

0
)3(

.
)2(

.
)(

.),( 5 =







+

−
+

−
+

−
+ LeP

Len
LeC

Len
LeB

Len
LeAMF uφ

 
(40)

 

By solving Equations (38) and (40) simultaneously, 
it is possible to achieve flame characteristics.  

 
 

5. RESULTS 
 
The structure of premixed flames propagating in a 
uniform cloud of organic fuel particles is considered. 
Explicit algebraic equations are obtained for predicting 
the burning velocity of the flame as a function of the 
initial size and number density of the particles. 

For φu>1, the equivalence ratio based on the fuel 
available in the initial fuel particles and the final 
adiabatic temperature can be calculated: 

( ) Fu
FuFu

u Y
MYY 18116

56.274
−−

=ϕ  

( )
uO

OO

dryOHOHCHCH
ub Y

Mv
QMvQMv

TTC
2

22

2244
−

=−  

In the above equations, Q is heat released per unit 
mass of gas fuel consumed and Qdry is latent heat (hfg) of 
H2O per unit mass. The chemical and thermo-physical 
characteristics of presumed fuel is listed in Table 1. 

To evaluate the presented model accuracy, flame 
temperature is compared with the experimental data 
calculated by Proust [21]. As shown in Figure 2, the 
evolution of flame temperature as a function of mass 
particle concentration is in reasonable agreement with 
the experimental data. 

In gas flame analysis, we deal with two resistances 
against flame propagation, heat transfer resistance and 
combustion resistance. In dry dust flame propagation, 
evaporation or devolatization resistance is added to 
those resistances. If this resistance is neglected, we can 
treat particles like gasses fuel. As shown in Figure 3, 
increase in φu causes a decrease in adiabatic flame 
temperature, because excess reactant that not 
contributes in reaction is increasing and these unburned 
reactants absorb fraction of released heat from 

combustion. Also, it is concluded that increase in 
moisture content causes adiabatic temperature to 
decrease, because part of combustion heat is used to 
vaporize moisture content.  

 
 

TABLE 1. The list of Chemical and thermo-physical 
characteristics [16, 20] 

Parameter Quantity Unit 

Q  50009 ]/[ fuelKgKj  

dryQ  2257 ]/[ waterKgKj  

A  6104.3 −×  ( )[ ]sKcmg ../ 2  

A′  5101.3 −×  ( )[ ]sKcmg ../ 2  

n  1.33 - 

uλ  31046.1 −×  ( )[ ]Kscmj ../  

sρ  1 [ ]3/ cmg  

uρ  310135.1 −×  [ ]3/ cmg  

 
 

 
Figure 2. The variation of flame temperature as a function of 
mass particle concentration for both present model (Le=1, 
ru=31μm and moisture content=0) and experimental data [21]. 
 
 

 
Figure 3. Adiabatic temperature Tb(K) and flame temperature 
Tf(K) as a function of φu for different moisture content 
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As mentioned above, in analysis of dry dust 
devolatization process resists against flame propagation. 
In wet dust, the moisture evaporation resistance 
additionally exists in front of flame propagation. As the 
moisture content in the particle becomes more, the 
moisture evaporation resistance increases thus the flame 
propagation slows down which yields to decrease in 
flame temperature and burning velocity as shown in 
Figures 3 and 4.  

As shown in Figures 3 and 4, by increasing φu, 
burning velocity and flame temperature increase. 
Indeed, increase in equivalence ratio φu or particle 
number density causes to increase in moisture 
evaporation and devolatization rates. Consequently, the 
related resistances diminish which can enhance the 
flame propagation individually, so the flame 
temperature and burning velocity should enhance. The 
flame temperature in Figure 3 and burning velocity in 
Figure 4 are presented for ru=100μm with different 
moisture contents. 

As shown in Figure 5, the boundary condition Z = 0- 
→ yF = yFF = 0 causes a peak in the mass fraction of 
gaseous fuel (YF) in preheat zone, while there is no peak 
for Ys. The minimum value of Ys occurs at Z = 0-. 

In Figures 6, 7 and 8, the effect of moisture content 
on the mass fraction of gas YF and particle Ys are 
illustrated. In these Figures, it is considered that φu =1 
and ru=100μm. From these graphs, it is concluded that 
when the moisture content increases, the mass fraction 
of gas in constant non-dimensional distance (Z) 
decreases. On the other hand, increase in moisture 
content causes an increase in mass fraction of particle 
Ys in heating and drying subzones, but in volatile 
evaporation subzone effect of moisture content is 
completely reverse. 

 
 
 
 

 
Figure 4. Burning velocity Vu (cm/s) as a function of φu for 
different moisture content.  

 
Figure 5. Mass fraction of gas YF and particle Ys as a function 
of non-dimensional distance (Z). 
 
 

 
Figure 6. Mass fraction of gas YF as a function of non-
dimensional distance (Z) for different moisture content. 
 
 

 
Figure 7. Mass fraction of particle Ys as a function of Non-
dimensional distance (Z) for different moisture content in 
heating and drying subzone.  
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Figure 8. Mass fraction of particle Ys as a function of Non-
dimensional distance (Z) for different moisture content in 
volatile evaporation subzone. 

 
  

Figure 9. Moisture evaporation initiation point (Zd) as a 
function of moisture content (M). 
 
 

 
Figure 10. Moisture evaporation end point (Zvap) as a function 
of moisture content (M). 

As shown in Figure 7, it is concluded that increase in 
moisture content causes an increase in mass fraction. 
This may be is understood according to below equation: 

OHCHNO

OHCH
s mmmm

mm
Y

2422

24

+++

+
=  

In the drying and heating subzones, presence of 
moisture yields to higher mass fraction Ys, but in the 
volatile evaporation subzone, there is no moisture in the 
particle. In other words, by omitting H2O from 
numerator of the above equation, denominator of 
equation does not change. Hence, for volatile 
evaporation subzone which is shown in Figure 8, mass 
fraction (Ys) of wetter particle becomes less than that of 
the drier one. Clearly, the moisture content can affect 
the drying subzone, both the initial point and the end 
point. As it can be seen in Figure 9, increase in moisture 
content causes the moisture evaporation initiation point 
(Zd) to move toward the reaction zone. It is the result of 
flame temperature reduction which causes Td=373K to 
occur at closer point to the flame zone. In addition, 
according to Equation (19), Zd is a function of Tf and 
increase in moisture content yields increase in Zd.

 

Evidently, the moisture content can change the 
drying end point more than the drying initiation point. 
This is also concluded from Equation (24) (Zvap have an 
intense dependency on moisture content). As shown in 
Figure 10, Zvap moves toward reaction zone by 
increasing in moisture content. By subtracting Zd from 
Zvap in Figures 9 and 10, it is deduced that increasing the 
moisture content causes the drying subzone to lengthen, 
which is expectable. Also, in a higher moisture contents, 
the vaporization length get thinner and produced 
gaseous fuel become less. Lewis number variation (the 
ratio of thermal diffusivity to mass diffusivity) has a 
strong effect on the flame temperature and burning 
velocity.  

 
 

 
Figure 11. Flame Temperature as a function of φu for different 
Lewis numbers. 
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Figure 12. Burning velocity Vu (cm/s) as a function of φu for 
different Lewis numbers. 

 
 

Increasing Le associates with the noticeable rise in the 
thermal diffusivity which improves the combustion 
condition. Improvement in combustion phenomenon 
causes increase in flame temperature and burning 
velocity which is shown in the Figures 11 and 12. 

 
 

6. CONCLUSION 
 

In this article, the structure of moist lycpodium dust 
flame has been investigated. Combustion of organic 
particle is composed of heating, drying, devolatization 
and burning processes. Since the particle size is small 
here, these processes do not take place simultaneously. 
In diffusion control flame with large Zeldovich number, 
the flame structure is divided into three zones: preheat, 
reaction and convection. In the preheat zone, particles 
are heated in heating subzone upto Td=273K, and then 
drying process starts in drying subzone where all 
moisture content of the particles comes out. In 
devolatization process which begins at the end of the 
drying process (volatile evaporation subzone), particles 
vaporize to yield a gaseous fuel and finally, the 
produced gas burns in the reaction zone. The results 
indicate that the moisture resists against flame 
propagation, thus increase in particle moisture content 
yields to decrease in flame temperature and burning 
velocity. Also, increase in equivalence ratio (φu) or 
increase in Lewis number causes in moisture 
evaporation and devolatization rates to increase, and 
consequently both flame temperature and burning 
velocity increase. 
 
[1-21] 
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  چکیده
  

 
است که در آن  شدهبعدي استفاده  در تحقیق فوق براي انتشار شعله در ابر یکنواختی از ذرات  ارگانیک از یک ساختار یک

 .شود که خود اي به سه زیرناحیه تقسیم می استگرم اولین ناحیه پیش يناحیه .شود می بندي ساختار شعله به سه ناحیه تقسیم
) خشک شدن(بعدي  يدر زیرناحیه .کند تا به دماي تبخیر رطوبت برسد ذره حرارت دریافت می) گرمایش(ول ا يدر زیرناحیه

 يناحیه ،دوم ناحیه احتراق بوده و در آخر يناحیه. افتد آخر عمل پیرولیز اتفاق می يشود و در زیرناحیه رطوبت ذره تبخیر می
براي حل معادلات حاکم بر احتراق ذرات در نواحی فوق استفاده  از یک روش تحلیلیپژوهش در این . پس از شعله قرار دارد

دست ه نتایج ب ،در نهایت. گردد غیر خطی براي سرعت سوزش می يبررسی کلی از این مطالعه منجر به یک رابطه. شده است
هاي تبخیر رطوبت و ث افزایش در نرخارزي و عدد لوئیس باعدهد که کاهش مقدار رطوبت یا افزایش نسبت هم آمده نشان می

 .یابدپیرولیز شده و در نتیجه دماي شعله و سرعت سوزش افزایش می
. 

 
doi: 10.5829/idosi.ije.2014.27.05b.16 

  
  


