Scientia Iranica B (2013) 20(6), 1781-1791

PZIN
N4

SCIENTIA
IRANICA

Sharif University of Technology

Scientia Iranica
Transactions B: Mechanical Engineering

www.scientiairanica.com

Research Note

Lycopodium dust flame characteristics considering char

yield

M. Bidabadi®, S.A. Mostafavi®!

, H. Beidaghy Dizaji® and F. Faraji Dizaji®

a. School of Mechanical Engineering, Department of Energy Conversion, Combustion Research Laboratory, Iran Universily of

Science and Technology, Tehran 16887, Iran.

b. School of Mechanical Engineering, Department of Aerospace Engineering, Iran University of Science and Technology, Tehran

16887, Iran.

Received 25 December 2011; received in revised form 10 April 2013; accepted 15 July 2013

KEYWORDS

Analytical model;
Lycopodium particle;
Flame temperature;
Burning velocity;
Char content.

Abstract. Organic dust flames deal with a field of science in which many complicated
phenomena like pyrolysis or devolatization of solid particles and the combustion of volatile
and char particles take place. One-dimensional flame propagation in the cloud of a fuel
mixture has been analyzed, in which the flame structure is divided into three zones: Preheat
zone, reaction zone and post flame zone. It is assumed that particles pyrolyze first to yield
a fuel mixture consisting of gaseous and charry fuel. In this research, the effect of char
content on the pyrolysis process has been taken into account and a novel non-linear burning
velocity correlation is obtained. Our results are in reasonable agreement with experimental
data.

(© 2013 Sharif University of Technology. All rights reserved.

1. Introduction

Nowadays, the greenhouse effect is one of the most
challenging issues for the human environment, and
CO, is an important greenhouse gas. By increasing
electricity consumption, CO, generation rate increases,
and scientists are eager to find new approaches to
generate electricity with no COs production. Also,
human activity produces much waste, like agricultural
and municipal solid waste, an excessive amount of
which threatens the health of humans and other life
forms. The Stirling engine is one of the best solutions
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for both of these problems. These engines help to get
rid of agricultural waste and also produce heat and
power without increasing the amount of COs in the
atmosphere. The Stirling engines are fed by a micro-
scale biomass up to 500 micrometers to enhance their
efficiency. Furthermore, a dual heat source (solar and
biomass) can be used for Stirling engines to increase
their conformity with nature [1].

Another important issue to threaten humanity is
the dust explosion phenomenon. This phenomenon
occurs in wheat silos and also in industries associated
with micro-scale particles. A dust explosion is likely
to occur when a finely divided combustible solid (in
practice, the mean diameter of the particles should
not exceed 1 mm) happens to be dispersed as a cloud
in the 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 this mixture. The heat evolved from the ignition
source initiates the combustion of the particles located
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in the vicinity of the ignition point. These particles,
themselves, act as an ignition source for the adjacent
slabs of the mixture, so that a ‘combustion zone’ is
allowed to propagate without additional input of en-
ergy throughout the cloud. This ‘combustion zone’ has
generally a finite thickness and is called the ‘lame’ [2].

A combustible dust explosion hazard may exist
in a variety of industries, including: food (e.g. candy,
starch, flour, feed), plastics, wood, rubber, furniture,
textiles, pesticides, pharmaceuticals, dyes, coal, metals
(e.g. aluminum, chromium, iron, magnesium, and
zinc), and fossil fuel power generation. The vast
majority of natural and synthetic organic materials,
as well as some metals, can form combustible dust.
Any industrial process that reduces a combustible
material and some normally noncombustible materials
to a finely divided state present a potential for a serious
fire or explosion [3].

The most common dust explosion occurs in un-
derground coal mines. In a coal mine tunnel, coal
dust explosion is usually caused by gas explosion.
Moving at the speed of sound, pressure wave resulting
from a gas explosion lifts the deposited coal dust in
the air. Then, the gas flame reaches the coal dust,
causing a dust explosion, which is more severe than the
original [4]. In order to have a better understanding of
the process of generating heat and power from micro-
biomass particles in Stirling engines, and also to predict
a dust explosion phenomenon and it’s severity, it is
essential to study the combustion process of micro
organic dust.

Lycopodium has been known as a reference parti-
cle in organic dust combustion studies since it is mono-
size, which is a basic assumption in analytical mod-
els [5,6]. Researchers have done many studies about
lycopodium dust combustion, both experimentally [7-
9] and analytically [10-12]. Han et al. [7] used the
Thermal Gravity Analysis test (TGA) to achieve the
combustive properties of lycopodium particles, and also
calculate the burning velocity, flame temperature and
flame length. Proust [8] reported the burning velocity
and flame temperature for three different particles;
lycopodium, starch and sulphur. Two methods for
determining laminar burning velocities have been used:
the classical ‘tube method’ and a ‘direct method’,
based on the simultaneous determination of the flame
speed and the mixture velocity ahead of the flame
front, using a tomographic technique. Seshadri et
al. [10] studied, analytically, the structure of premixed
flames propagating in combustible systems, containing
uniformly distributed volatile fuel particles, in an
oxidizing gas mixture. Bidabadi et al. [11] presented
an analytical model for lycopodium dust combustion
considering temperature difference between the gas and
particles.

In this research, an analytical model is used

to calculate the flame characteristics of lycopodium
particles, including the effect of char yield, which has
not been previously considered. In previous studies
[5,6,10,11,13], it is assumed that the only product of
the pyrolysis procedure of the lycopodium particle is
methane gas. However, it is not a precise assumption,
because when an organic particle is exposed to heat
sources, it is cracked into gas, liquid and solid phases
that are named, respectively, gas, tar and char [14-
17]; tar, eventually, converting into gas and char. In
this article, our organic sample is the lycopoduim
particle, 90% of which converts to methane gas when
it is pyrolyzed. Other remained components of the
lycopodium particle are converted to char, but tar
production is neglected, since tar itself consequently
cracks into methane and char.

To analyze the combustion of organic dust, the
flame structure is divided into three zones. The first
zone is the preheat zone, where the rate of chemical
reaction is small. The second zone is an asymptotically
thin reaction zone, where convection and the rate of va-
porization of the particles are negligible in comparison
with the reaction rate, and, finally, there is a post-
flame zone. In next section, the conservation equations
and required state equations needed to formulate the
phenomenon are completely described. At the end,
we compare our results with experimental results,
and it is shown that our results are in reasonable
agreement with the experimental results of Proust [§]
and Wingerden et al. [9].

2. Governing equations

A one-dimensional steady model is used to simulate
the combustion of organic dust, the flame of which is
propagated in a uniformly distributed mixture of fuel
particles. The initial density of the particles is n, and
the initial radius of the particles is r,. Biomass py-
rolysis involves numerous extremely complex reactions
with many intermediate and final products. According
to this, many models of biomass degradation have been
presented by different scientists [18]. In this study,
a new model is presented to analyze the lycopodium
organic dust flame. Also, a one step global pyrolysis
model is used in which it is presumed that organic fuel
decomposes into volatiles (gas) and carbon (char).

Since a large percent of produced gas is methane,
the gas properties are considered the same as methane.
Also, it is assumed that fuel mixture properties are
calculated based on the mass fraction of methane and
carbon in the mixture. It is also presumed that by
burning the fuel mixture in an air oxidizer bed, CO,
and HoO will be the products of combustion. Figure 1
shows a schematic figure of the flame structure divided
into three zones: preheat zone, reaction zone and post
flame zone.
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Figure 1. The flame structure of dust particles.

Reaction occurs in a thin zone, O(e), whereas
preheat and post flame zones have considerable length.
This assumption is based on asymptotic flame analysis
or high Zeldovich number, and ¢ is defined as a
reciprocal of the Zeldovich number.

Mass conservation, organic particle mass conser-
vation (solid particles) and fuel mixture conservation
equations, along with energy conservation equations,
are used to formulate the physical phenomena of solid
particle combustion. Furthermore, the equation of
state of the fuel mixture is used to restrict the equations
in an atmospheric combustion condition to create a
unique solution to our problem [10].

Since solid organic particles crack into gas and
char when they are exposed to heat, summation of the
fractions is equal to unity (vs_, + vs—.) = 1, which
means that the fuel mixture is only a combination of
gaseous and chary fuel. v,_,4 and v,_. are the gaseous
fuel and chary fuel fractions of the solid particle.

3. Nondimensionalization of governing
equations

These parameters are used to nondimensionalize gov-
erning equations:

g T-T) Ve Y
(Tf - Tu)7 YFC’ ° YFC’
|4 nge
m:ppv =1, Z:pTx. (1)

In the above equation, T is flame temperature and Y7,
is defined as:

VieQ=C(Ty = Ty). (2)

Finally, these dimensionless quantities are defined:

)\uwg /\uwc
Wg = ——F 77— We = 5=
! (pu‘/u)QOYFC’ (puVu)ZC’YFC
ys = 47rn3p51“3 Q — prr
’ 3pYFc ’ Q ’

 4.836An, 3N, (Ty — T,)"
- pru4/3Cchl/3ps2/3

In the above equations, V, is burning velocity. The
Lewis number for the fuel mixture, and the ratio of the
diffusion of heat to mass diffusion, is defined as below:

Au

Le = .
‘ puDuC

(4)

It is supposed that ¢ has a negligible quantity (close to
zero), which means that released heat from the reaction
is greater than the heat absorbed by the particles for
devolatilization. In this case, we replace # with 6°.
Thus, dimensionless equations yield:

de° d2e° Pu

iz = azz t@atw) n

dyp 1 d*y, 2 pu

Yr _ - e - Bl 5
7 = Teaze TS (wg+W)p (5)
dys 2 hon

dz = —79339 .

The above equations are solved in each zone according
to their boundary conditions and appropriate assump-
tions in order to obtain a reliable model for organic
dust combustion and to predict flame characteristics.

4. Solution of governing equation in each zone

4.1. Preheat zones (—oo < Z < 0)
In the asymptotic solution, (¢ — 0), it is possible
to neglect the reaction term, because, in the preheat
zone, particles pyrolyze to yield a mixture of gaseous
and chary fuel and there is no reaction. The energy
equation and boundary conditions are:

do°  d*6°

—, Z=0-6°=1,

dz — dz*’ Z==00—6"=0.

(6)

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

0° =exp(Z), Z<O. (7)

The mass conservation equation of organic particles
converts to:

dys z " Yry
= 1yl [exp(2)]"Z = 00 =y = 2 =

e Mg

Yr., in the above equation, is the amount of fuel
mixture that is available in the initial particles.
Thus:

1 n
ys = [a3 — ae" 7P, (9)
a, in the above equation, is defined in the terms below:

v

a=g-. (10)
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Thus, the conservation equation of the fuel mixture is
changed to:

dyr _ 1 dPyr

1 n 2 n
7 = Te dz? +9[as — ae"?)?en?. (11)

Boundary conditions are:
Z=—-00—yp=0, Z=0" -yp=0. (12)

Finally, by solving the fuel mixture equation, the
following equation is obtained:

2 1
Lez  Lenas oz 2Leyaas 5,4

yr =Cle

n? — nLe 4n? — 2nle
Leya® 5.,
- ¢
9n2 — 3nlLe
Cn = Le.'yoe% 2Le.’yaoc% N Le.va? (13)
Y702 —nle  4n? —2nle | 9n2 — 3nle’
and:

d 2 ‘
- [yF} = Le[3aa® +a® — 3@204%]. (14)

dz |,-

4.2. Post flame zone (0 < Z < 400)
Before analyzing the reaction zone, the post-flame zone
is primarily investigated.

=1, y,=constant, yp =0. (15)
In the post-flame zone, the available mass fraction of
solid particles is approximately equal to the quantity
of ys at the end of the vaporization zone (i.e. Z = 07)

4.3. Reaction zone (Z = o)

In this zone, the rate of reaction is considerable, and
convection and devolatilization terms are negligible
in comparison with diffusion and reaction terms. It
means:

df° d
~o

7 =0 17 ~ 0, vys20°" = 0. (16)

Governing equations in this zone convert into the
following equations:

dys

dyZ =0 — y; = cte,

d*6° Pu

472 = _(wg + wc)?,

d2yF Pu

77 = Le.(wg + wc)?. (17)

In the above equations, gaseous and chary fuel reaction
rates are defined as:

)\uwg w. = )\uwc
(puvu)QCYFc7 c (puvu)QCYFC7

(.dg:

wg = vaWokyCy,

E E
k:g:Bgexp<—g>, kC:Bcexp<— C).
RT RT
(18)

Subscripts ¢ and g denote char and gas and C, W and k
are the molar concentration, molecular weight and the
constant rate of the overall reaction, respectively. v is
the stoichiometric coefficient of the fuel components,
which represents the amount of produced gas and char
in the devolatilization process:

We = Uchchm

Vg =Vs—g and v. = vs_c. (19)

In order to analyze the reaction zone expansion param-
eter, ¢ = i is defined to expand the reaction zone. By
using ¢, all our previous parameters are expanded and
rewritten as:

Z * Yyr — Yr 1-6°
n=—-, y = F7 t= .

9 £ £

(20)

YF, 18 the mass fraction of the fuel mixture prior to the
reaction zone. Using the above expanded parameters,
conservation Eq. (17) are rewritten as follows:

d’t Pu

— = &lwyg + We)—,

an ( g9 )p

d2 * w

diz :5Le.(wg+wc)%. (21)

Solving the above equations, burning velocity is
achieved, which is the primary purpose of this article.

E
V2 =2c2Le.Dyr [{Ung.exp< - R;f)

ruson(- 2 ) haern] e

According to Eq. (22), burning velocity is a function
of Ty, which is an indeterminate parameter. We need
another expression in order to simultaneously solve
these two expressions and calculate indeterrminate
parameters. In the resumption, the process of finding
this expression is explained.

In Eq. (17), by combining each side of the energy,
gaseous fuel and chary fuel conservation equations
together, the following equation is produced:

@0, 1 dyr
az? " Le dz?

—0. (23)
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By integrating Eq. (23) from Z =0~ to Z = 07, it is
possible to achieve the following matching condition:

a6° T
), ), = 24

Finally, by substituting Egs. (7) and (14) into Eq. (24),
the following expression, which connects burning veloc-
ity and flame temperature, is achieved:

3aa’ 4+ a® — 3a%a’ —1=0. (25)

5. Results and discussion

In order to predict flame characteristics, like burning
velocity and mass fractions of a generated fuel mix-
ture, the explicit expression for the burning velocity
in Eq. (22) should be solved, simultaneously, with
Eq. (25). To evaluate the accuracy of the presented
model, the obtained burning velocity is compared with
the flame velocity, which is calculated by Proust [§]
and Van Wingerden et al. [9]. Proust calculated
the burning velocity of lycopodium as a function of
mass particle concentration in both the direct and tube
methods. To compare our results with experimental
data, we require some initial data, like r, = 15.5 um
and v,_g = 0.9, which are related to the physical and
chemical characteristics of lycopodium particles. As
shown in Figure 2, it is understood that our result is
in reasonable agreement with experimental data.

In gas flame analysis, two types of resistance exist
against flame propagation; heat transfer resistance
and chemical reaction resistance. In dry dust flame,
pyrolysis (devolatization) resistance is also added to
these resistances. In fact, the interactions between
these resistances in each flame control the flame charac-
teristics like burning velocity and flame temperature. It

Tu=15.5,v4= 90%, v.=10%

70 T T T T T T
A Experimental method, direct method [8]

60t = BExperimental method, tube method [8]
- Present model (Le=1)
2 = = = Present model (Le=1.5)
£ 50 e Experimental method [9]
o [
2
2 a0l
2 .
[
> ] A A 1
o0 30+ . o ° °
E L] : ehd ___Z=====T
=, -

10+ A

0

20 30 40 50 60 70 80 90 100 110

Mass particle concentration (gr/cm3)
Figure 2. The variation of burning velocity as a function

of mass particle concentration for both the present model
and experimental data [8,9].

is clear that mass transfer resistance exists in all types
of the above flames.

As shown in Figure 3, it is clear that by increas-
ing char content, the adiabatic flame temperature of
the fuel mixture, CHs + C, which is obtained from
thermodynamics, increases. This happens because the
energy density of chary fuel is higher than methane fuel.
It is notable that in measuring adiabatic temperature,
the rate of reaction is neglected. The only factor that
affects adiabatic temperature is the combustion heat,
which is related to the enthalpy of formation. Also, it
is understood that by increasing the equivalence ratio,
adiabatic temperature decreases due to an excessive
amount of fuel, which remains unburned because of an
insufficient oxidizer.

On the other hand, as shown in Figure 4, an
increase in char content causes a decrease in burning
velocity. In fact, a carbon particle has fewer tendencies
to react with oxygen in comparison with methane,

Le=1, r,=15.5
2400 T T

2200+

2000+

Ty (K)

1800t

1600F

1400 . . .
1 .

Equivalence ratio
Figure 3. The variation of adiabatic flame temperature

as a function of equivalence ratio (¢, ) for different char
contents.

Le=1, r,=15.5
24 T . T

—_— . =20% |

Vu (cm/s)

1.0 1.5 2.0 2.5 3.0 3.5

Equivalence ratio

Figure 4. The variation of burning velocity as a function
of equivalence ratio for different char contents.
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1650

1600
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1550
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Figure 5. The variation of flame temperature as a
function of equivalence ratio for different char contents.
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Vu (em/s)

10 L

1.0 1.5 2.0 2.5 3.0 3.5
Equivalence ratio

Figure 6. The variation of burning velocity as a function
of equivalence ratio for different Lewis number.

due to the solid structure of carbon. Furthermore,
according to Figure 5, by increasing char content, flame
temperature decreases.

The Lewis number variation (ratio of thermal
diffusivity to mass diffusivity) has a strong effect on
the burning velocity. An increase in Lewis number is
associated with a noticeable rise in thermal diffusivity.
This improves the pyrolysis condition in the preheat
zone, due to an increase in the amount of induced heat
from the reaction zone into the preheat zone. As a
result, burning velocity is increased, which is shown in
Figure 6.

The Lewis number has also a dual effect on
generated gaseous fuel. At first, an increase in Lewis
number accelerates the vaporization process of solid
fuel particles, due to an intense increase in the thermal
diffusivity effect. On the other hand, an increase in
Lewis number is associated with a sharp reduction in
mass diffusivity, which implies that the combustion
condition has deteriorated. However, it is clearly

Ty =15.5,v,= 90%, v.=10%
1850 T T T T

1800+ Le=0.8 g

1750

1650
1600

T¢(K)

15500 o

1500
v

1450

1400} 8

1350 . . . .
1.0 1.5 2.0 2.5 3.0 3.5

Equivalence ratio

Figure 7. The variation of flame temperature as a
function of equivalence ratio for different Lewis number.

Le=1,v,= 90%,v.=10%

30+ Ty =15 ]
-—- Ty =45
....... Tu="75

o5l | 1=O@=1 Tu=105

V. (cm/s)

T @ 0-0-0-00© 06
‘‘‘‘‘‘‘‘‘ 0-0-00©600°
o e,e,eO-O‘
5 ©©09°" . . .
1.0 1.5 2.0 2.5 3.0 3.5

Equivalence ratio

Figure 8. The variation of burning velocity as a function
of equivalence ratio for different particle radius.

understood that thermal diffusivity has a dominant
effect, which increases in Lewis number, causing an
increase in burning velocity. Also, by increasing Lewis
number, flame temperature increases, as shown in
Figure 7.

Finally, the effect of particle radius on flame
properties has been investigated. By decreasing the
particle radius effective surface, the surface exposed to
heat increases and, eventually, improves the pyrolysis
process, which increases the amount of generated fuel
mixture. As shown in Figure 8, burning velocity is
increased by reducing particle size. Again, a similar
trend is observed for flame temperature, illustrated in
Figure 9.

6. Conclusion

In this study, an analytical model for the combustion
of a lycopodium dust cloud is presented to determine
the effect of char content. Furthermore, the effect
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Figure 9. The variation of burning velocity as a function
of equivalence ratio for different particle radius.

of different parameters, like particle size and Lewis
number, is also investigated. From obtained results,
it is understood that an increase in char content
causes a reduction in burning velocity, but a reverse
trend is observed in the adiabatic temperature of the
flame. These contrary trends can be explained by
distinguishing between available energy in the chary
fuel and its tendency to react. Chary fuel has more
energy compared to methane gas, but it has a lower
tendency to react. So, a higher adiabatic temperature
is achieved, while burning velocity decreases. Ad-
ditionally, flame temperature, which is coupled with
burning velocity, also decreases. It is notable that
burning velocity and flame temperature have a similar
trend when a parameter is varied. Also, the effect of
Lewis number and particle radius are also investigated.
An increase in Lewis number improves the pyrolysis
procedure of organic dust and, consequently, burning
velocity increases. Besides, a reduction in particle
radius increases the amount of generated fuel mixture,
which increases burning velocity.

Nomenclature

A Parameter characterizing rate of
devolatilization of fuel particles

a Defined in Eq. (10)

B, Frequency factor characterizing rate of
gas phase oxidation

B, Frequency factor characterizing rate of
solid phase oxidation

b= Scaled mass fraction of fuel at the

€ boundary between the reaction zone
c Heat capacity of mixture
Cy Molar concentration of gas

C. Molar concentration of char

Q

F

SIS

«Q

s

Ny

Wpyr

YFC
YFu

Yyr
Ys

Ze

Molar concentration of fuel mixture
Heat capacity of the gas

Heat capacity of a fuel particle
Diffusion coefficient

Activation energy characterizing the
gas reaction, Eq. (18)

Activation energy characterizing the
char reaction, Eq. (18)

Rate constant of the gas reaction
Rate constant of the char reaction
Lewis number, Eq. (4)

Defined in Eq. (1)

Temperature exponent characterizing
rate of devolatilization of fuel particles

Local number density of particles
(number of particles per unit volume)

Local number density of particles
(number of particles per unit volume)

Heat release per unit mass of gas and
char fuel consumed

Heat associated with devolatilizing
unit mass of fuel

Defined in Eq. (3)

Gas constant

Radius of fuel particle
Temperature

Defined in Eq. (20)
Velocity

Burning velocity (Eq. 22)
Char yield

Gas yield (vs_g +vs_c =1
Molecular weight of char
Molecular weight of gaseous fuel

Reaction rate characterizing
consumption of char, Eq. (18)

Reaction rate characterizing
consumption of gaseous fuel, Eq.

(18)

Rate of devolatilization of fuel particles
Mass fraction

Defined in Eq. (2)

Gas and char fuel available in the
particles in the ambient reactant
stream

Defined in Eq. (1)
Defined in Eq. (1)
Defined in Eq. (20)

Zeldovich number
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Scaled independent variable, Eq. (1)

Greek Symbols

v

m 2 0

=

We

Wg

Volume

Yru/Yre

Defined in Eq. (3)

1/Ze, expansion parameter
Independent variable defined in Eq.
(20)

Defined in Eq. (1)

Value of 6 calculated neglecting the
heat of devolatilization of particles
Defined in Eq. (A.10)

Defined in Eq. (A.10)

Thermal conductivity reactant mixture
Density of reactant mixture
Density of fuel particle
Stoichiometric coeflicient

Equivalence ratio, based on fuel
available in the particles in the ambient
reactant stream

Defined in Eq. (3)
Defined in Eq. (3)

Subsecripts

b

Q@ g O

V)

Adiabatic conditions after completion
of chemical reactions
Char

Conditions at the reaction zone
Fuel mixture (methane+char)
Gaseous fuel (methane)
Oxygen

Solid fuel particles

Conditions in the ambient reactant
stream
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Appendix
By substituting w, and w. in Eq. (3), the following
equations are achieved:
_ AW, Cy B, £,
0T (Va2 CYe P\ RT )

(A.1)

We =

)\quWCCCBceX —E.
(puV)2CY e P\'RT )

In order to solve our equations, (%) should be con-
verted into ((RLTf) + t). This process is explained in
the following equations:

£ _ L
RT ~ R(T —T; +1y)

a=Ty-T E E

RT ~ R(T; - a)

ETf+a) a?~0 E E Ea

RT ~ RI; " RT? (A.2)

~ R(T? + a?)

By using Ze = (1), the following equation is obtained:

ETy-Ty,) 1 E 1
le= ———5—"-=-— = . (A3)
RT? e RI? ~ e(Iy—T,)

Then, Eqs. (A.2) and (A.3) are combined:
Ea o Ty =-T
RTJ? e(Ty =T, e(Ty—T,)
Tf_T_l_T_Tu Eq.(1) Tf_T—l—eo
Ty —T, Ty -T, T, - T, ’
Ea _ 1—-6° Eq.(200 FEa . (A.4)

2 2
RT € RT;

Finally, by substituting Eq. (A.4) in Eq. (A.2), the
following relation is achieved:

E E
E b ~®r = ~wi; !
RT _RT, 7' ! . (A5
RT ~ RTy {_}% =t

By substituting Eq. (A.5) into Eq. (A.1), the last
abstract mathematical problem is finished and we
return to the primary problem and its solution:

(-7 1)
Xpl — - 9
RT;
A0 W.C.B. exo | — E.
(puVu)2CYFC P .

o — AW, Cy By .
7 (puvu)ZCYFc

(A.6)

We =

By substituting Eq. (A.6) in the energy conservation
equation (Eq. (21)), it is rewritten in the following
terms:
&t _Pu, AungyCyBg exp( — Ey,
dn? — p L (puVu)?CVe

4 AW Ce By exol — E. iy
(puvu)ZCYFc P

(Le= /Ju)BluC dgt
_ puwbuC 7
dn?

eLe.Dyr E
= o Suk B,). _ s _
e {(nggCg ) exp( RT, t)

n (UCWCCCBC).eXP< - P:ETCf B t) } (A.7)

Now, using the following equations from Egs. (1) and
(20), it is possible to {ind another expression for Ype,
which is used in Eq. (A.7):

, —Yr , b=(yry/¢)
Y Z%—NIJFZWJ + Yrp L?/F
=ce(y" +b),
mp myg + me
YF = =
mrg + Mair my + M + Mair
_mp _prVp _ pr _ WrCp
=— —=Yp= =—= )
m pv P P
Y, Y, WrC
Ype="L=—"F1 yp.=—"F"F  (A8)
yr e(y*+b) pe(y* +b)

It is possible to calculate b, which is used in the above
equations, using the following equations:

2

b :le:*6 = ZeLe {7063 (€77 — %)

€ n2 — nle
2’yaa% ( ~Le _%)
—_——— e C — e o
4n? — 2nle
R LA TR T (A.9)
In2 — 3nle

By substituting the above expressions in Eq. (A.7) and
rewriting it, the following equation is obtained:

Pt _ [(Ag + Ac)(y™ + )] exp(—t),

d?
e2Le.D, E,
A, = TF {prg.exp( — RTf>] ,
e2.Le.D [ E
A= —FF chc.exp< - == )} (A.10)
Vi RTy
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Combining Eq. (25) results in the following expression:

{5 = elwy +wo) e vieds) [t = £ov7]
: Le¥ ) _ .
Gt = e Le(w, +we) 2 W* - (aan)

The boundary condition for the above equation is de-
termined, via the boundary condition, when n — +oo,
and the solution for the post-flame zone is determined
as follows:

dt _ dt dZ_d(lj))>< _dp
dy —dz " ang T dz “°T T4z
at @, _d), 0
— S in—+oo = T |Z—0+ = Z—0t+ —
dn iz az (A12)
dy* _ dy* dZ d(%) o _dyr
dy oz “dy T dz 7
dy* dy
- dgi] = dZF|Zﬁ0+ =0. (A.13)

Integrating twice from Eq. (A.11) and utilizing the
Expressions (A.12) and (A.13) lead to:

1,

By substituting the above relations in Eq. (A.10), the
following equation is achieved:
it
dn?
The boundary condition for variable t is determined

from the € boundary condition:

dt df d(exp(Z))

— o = ——= - = _>—:_1.
d77|7l dZ|Z 0 dZ |Z 0 (A16)

= [(Ay + Ac)(Le.t + b)]exp(—t). (A.15)

By, wusing the below substitution and rewriting
Eq. (A.15) and using some mathematical operations,
it is possible to obtain burning velocity:

dt d>t
@ et

LD, PAP = {[(Ay + Ao)(Le.t +b)] exp(—t)}dt.

(A.19)
By integrating from Eq. (A.19), we have:
p21°
(2} =[(Ay + Ao){[Le.(—te " —e™ "))
—1
—t110
—be ], o (A.20)
Eventually, Eq. (A.20) is rewritten as:
1
- =(Ay+A).(Le+d). (A.21)

Now, after all complex mathematical operations, which
are completely explained in the above relations, by
substituting A, and A, in Eq. (A.10), the primary
aim of this article, which is burning velocity, is written
in the following expression:

. E
V2 =2eLe.D,, [{Ung.eXp< - R;f)

() e ]
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