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A two-dimensional analytical model of laminar flame in lycopodium dust particles
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Abstract—A two-dimensional analytical model is presented to determine the flame speed and temperature distribu-
tion of micro-sized lycopodium dust particles. This model is based on the assumptions that the particle burning rate in
the flame front is controlled by the process of oxygen diffusion and the flame structure consists of preheat, reaction and
post flame zones. In the first step, the energy conservation equations for fuel-lean condition are expressed in two-
dimensions, and then these differential equations are solved using the required boundary condition and matching the
temperature and heat flux at the interfacial boundaries. Consequently, the obtained flame temperature and flame speed
distributions in terms of different particle diameters and equivalence ratio for lean mixture are compared with the cor-
responding experimental data for lycopodium dust particles. Consequently, it is shown that this two-dimensional
model demonstrates better agreement with the experimental results compared to the previous models.
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INTRODUCTION

Research on different characteristics and aspects of combustible
particles is ongoing and many experimental and theoretical studies
on the properties of flame propagation in dust clouds have been
conducted [1-4]. Nevertheless, knowledge on fundamental phe-
nomenon of dust flame propagation is still imprecise and insuffi-
cient to explain the mechanism of flame propagation in dust clouds.

Ignition and combustion of particle dust clouds have been actively
studied over the last five decades with a large number of experi-
mental data accumulated [5-7].

Goroshin et al. [8] defined the flame thickness for the reaction
zone proportional to the burning velocity and combustion time
for aluminum dust particles. Since aluminum dust particles do not
vaporize during combustion, the vaporization term was not con-
sidered in the governing equations, while this term must be taken
into account for the lycopodium dust particles.

Han et al. [9,10] conducted an experimental study to elucidate
the structure of flame propagation through lycopodium dust clouds
in a vertical duct. The maximum upward propagating velocity was
0.50 m/s at a dust concentration of 170 g/m’. Despite the employ-
ment of nearly equal sized particles and their good dispersability
and flowability, the reaction zone in lycopodium particles cloud
showed a double flame structure, consisting of enveloped diffu-
sion flames (spot flame) of individual particles and diffusion flames
(independent flame) surrounding some particles. Proust [11,12]
measured the laminar burning velocities and maximum flame tem-
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peratures for combustible dust-air mixtures such as starch dust-air
mixtures, lycopodium-air mixtures and sulphur flour-air mixtures.

In the previous study, Bidabadi and Rahbari [13] analytically
investigated the flame propagation through lycopodium dust parti-
cles, containing uniformly distributed volatile fuel particle and ex-
plored the flame structure mechanism and the effect of tempera-
ture difference between gas and particle on the combustion char-
acteristics. Bidabadi and Rahbari [14] presented a novel analytical
model for predicting the heat loss and Lewis number effects on
the combustion of Lycopodium particles. In a recent study [15],
the aspects of flame propagation and the structure of combustion
zone were analytically investigated to clarify the mechanisms of
flame propagation through organic dust cloud. In this research,
the effects of different Lewis and Damkéhler numbers and the ini-
tiation of particles vaporization on the combustion phenomenon
of the organic dust particles were completely specified.

In the previous research, Bidabadi et al. [16] presented a one-
dimensional model for predicting the flame temperature through
lycopodium dust particles. In this research, the radiation and heat
loss effects on the premixed flame propagation were considered.
Furthermore, in [17], a mathematical model was proposed to deter-
mine the thermophoresis effect on volatile particle concentration
in micro-organic dust flame.

Gao et al. [18] studied the effects of particle size distributions
on flame propagation mechanism during dust explosions. A sim-
ple mathematical model was developed to determine the critical
particle size to illustrate the flame propagation mechanisms in dust
explosions.

Jadidi and Bidabadi [19] analytically investigated the flame prop-
agation through aluminum dust particles, developing two-dimen-
sional condition for lean and rich mixtures and showed that solving
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equations in two-dimensional models leads to higher agreements
between the theoretical and experimental results.

In this study, a new analytical model for the combustion of lyco-
podium dust particles is developed based on a model presented by
Goroshin et al. [8,20]. To achieve this objective, a similar approach
for the aluminum dust combustion is used considering the point
that the lycopodium dust particles vaporize during the combus-
tion phenomenon, and therefore a vaporization term must be added
into the governing equations. In addition, based on the achieved
findings [19], a two-dimensional model declares a better adjust-
ment with the experimental data. Hence, the main emphasis of this
study is made on proposing a comprehensive two-dimensional
model in comparison with the previous researches [13-16].

MATHEMATICAL MODELING

The analytical model described below is based on a two-dimen-
sional approximation of the flame with conductive heat losses. The
major assumptions and approximations are: (1) the dust cloud con-
sists of a mixture of gaseous oxidizer and uniformly distributed,
equal-sized lycopodium particles, (2) the gravitational effects are
neglected, (3) the particle velocity is equal to the gas velocity in the
laminar, steady and uniform flow; and (4) the Biot number for the
particle is very small, implying that the temperature of a particle is
uniform.

1. Dust Flame in a Lean Mixture

In this research, after following [8,16,20], we assumed that the
flame structure consists of three zones: preheat, flame, and post
flame zones, as illustrated in Fig. 1.

The first zone is the preheat zone (x<0), where the temperature
of particles is lower than the ignition temperature, and therefore
the rate of reaction is negligible. In this zone, the gas is heated by
conduction from the flame zone and particles are heated by the
surrounding gas until their temperature reaches its ignition point.
The difference in temperature between the dust particles and the
gas progressively increases due to inertia in the heat exchange. The
second zone is the flame zone (0<x<0), where particles are ignited
and totally consumed. The flame thickness is much less than the
total combustion distance. The last zone is the post flame zone (x>
0), where the gas temperature gradually returns to the initial value
T, due to heat loss in this zone.

Based on the previous researches [8,16,20], it is assumed that
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Fig. 1. The flame structure of lycopodium dust particles.

the particle temperature at the moment of ignition (x=0), is close
to the auto ignition temperature of a single particle T;; (the igni-
tion temperature in a gas media of constant temperature) and can
be found from the equation describing inert particle heating in the
preheat zone:
s 2’3 2
Vumscxa = ?(47[1' NT,—T) ¢y
The one-dimensional gas phase governing equations for energy
conservation can be written as:
dT
VC
Y-

—=AV'T-w,Q,+w,Q 6)
X

where g V and T are gas density; velocity, and temperature, respec-
tively. C stands for the specific heat of gas at constant pressure, ¢,
for the specific heat of particle, w; for the reaction rate characteriz-
ing consumption of fuel, w, for the vaporization rate, Q for the com-
bustion heat release, Q, for the heat associated with vaporization of
the particle, r for the particle radius and T, for the particle tem-
perature. By solving the energy equation in each zone and match-
ing the temperature and heat flux at the interfacial boundaries, an
algebraic equation for the flame speed in a fuel-lean mixture can
be found.

Following the previous one-dimensional research [8,16,20] for
obtaining flame speed and temperature distribution, in the pres-
ent study, a two-dimensional analytical model of laminar flame in
lycopodium dust particles is represented. As mentioned, the flame
structure is divided into the three preheat, flame, and post flame
zones. By solving the partial differential equations of energy in the
two-dimensional condition and using the separation of variables
method in all the three zones and satisfying the boundary condi-
tions, an algebraic equation for the flame speed as a function of
equivalence ratio and gas phase temperature distribution are deter-
mined. The experimental data shows the quenching plate tempera-
ture does not exceed and is almost equal to that of the initial or
the unburned mixture temperature. Therefore, this temperature is
assumed to be constant (T=T,). Moreover, the thermal conductiv-
ity of gas, A, which usually varies with temperature, is taken to be
constant for the sake of simplicity.

With these assumptions, the gas phase governing heat diffusiv-
ity equation and the boundary conditions for the problem can be
obtained:

Preheat zone

T, [(o°’T, &'T

PVC— = — +—2|-w,Q, 3)
dx ox’ oy

Flame zone

vellz s oT, OT, )

I N + e +wa

Post flame zone
T, (o’T, &'T

pVC—=2= ) —2+—2 )
d 2 2

X ox" Oy

Considering new parameter §=T—T,, new governing equations
are as follows:
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Preheat zone
& 6, o o, dé,

— ———7283— kO=KT, (6)
ox’ 8y y

Flame zone
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The parameters, k, ¢, S, R in the above equations are defined as

w,Q/A=An4m’TQ,/A=KT k=An4m’TQ,/A

W, QIA=BvQ/A5=B, QA5 =R¢ #=B/B, )
S=pvGC,20 R=ByQ/A5

Boundary conditions

06, 00.

‘a—x‘l(*w» y)=0 _8;3(+OO’ y)=0 0i(x, 0)=6,(x,d) = 0

6, 00
6,0, 1)=6,0.y) Z(0,1)=720,y) 6(x 0)=b,(x d) =0 (10)

00 00,
0,0, 1)=05(0,y) Z20,)=72(0,y) 63(x,0)=63(x,d) = 0

By solving the above equations the following solutions are obtained

NSk .

0, y)=Y a,e"" Sin(u,y)

n=1

Jkd 20kd  Jkd
+Keﬁd_ljeﬁy+(e = }eﬁy—un (11)
e2 -1 62 kd—l

Oy(x, y)= Zb

n=1

[ «/S +ﬂn ( 2A/sz+,uz)b (s+nlS+10)X
S+

2
NS +xun
2 2
S—4/S + xune(sh/szﬂzf,)x

4l JC)Sin(,uny) +3 c”[ —
s+A/S + 1,

n=1

4 e(S-d )

)Sin(4,y)+0.5Rgy(d-y) (12)

06 y)= T, SinGuny) (13)
where

/.tnzr—z—[ n=1,23,... (14)

The first term at the right hand of Eqgs. (11)-(12) can be expanded
as follows:

Vkd 2kd _ fkd
2 ky —/ky
[ezﬁd_lje +( 2./kd . j I}T nZlE Sin(uy)  (15)

0.5Rgy(d-y)= 3. F,Sin(4,y) (16)
n=1
where
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—2kd’T,
" —(l Cos(n 7)) 17)
kd’nr+ (Il7Z')
F,= :ZZB-%?—(I—COS(nﬂ')) (18)
nz

The boundary conditions described in Eq. (10) are used to obtain
coefficients a,, b,, ¢, and d, as below:

b S—AIS + AL,
an: ﬂ________
s+AS +1L+k

(E,, _ Fn)e(sh/s“w;)b'_'_ F,,
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The heat transfer between each particle and surrounding gas is given
by:

q=hA(T-T)= %4y 2T T) =4 A(T-T) 1)

where the Nusselt number is considered equal to 2.
The energy conservation equation for the solid phase is

6—93* 6,6 (22)
9% = 5( 1~ s)
where
=34 O=(T-T,) 23)
r pCV

Boundary condition for Eq. (22)
Xx—>-0=>6,=0 (24)

By solving Eq. (22) and using the boundary condition (24), the solid
phase temperature of the fuel-lean mixture is obtained as:

(s+4/S+pl4k)x

0x y)= Z[————f—ai——— +Enjsm(uny) (25)
S+

n=N\s 4, /5" + 10 +k+ &

Also, since the particle temperature at x=0 equals the ignition tem-
perature, T,;, we have

0.=

st

HMS

JSin(uny) (26)

ga,
( +,/s° +/1,,+k+§
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where 6,=T,—T,
6, is expanded as follows

Hsi: i HnSIH(/unY) (27)
n=1
where (utilizing the orthogonality of functions):
6,= ie“ 1-C 28
e (1-Cos(nn)) (28)

Comparing Egs. (26) and (27) leads to the following equation for
o,

0,= S +E

n - n
s+,/sz+yi+k+¢f

Using Egs. (28) and (29) and simplifying them, the key equation
of flame speed as a function of equivalence ratio is obtained for
the two-dimensional condition, which is accurate for each quan-
tity of n as:

= P ST (1-e

(29)

2(ys"+12) 5)

+(s+, s’ +,ui+k+ §)(kd2Tu+ c95,.(kd2 + n27z2))
R YRS U YRSy KN (30)
0’281+ 42, 2 1))

IREE T e AT s Sy

The following initial parameters are used in this research to deter-
mine the flame speed and gas phase temperature distribution [13-
16]:

¢

x(d*S(1+e

2=35x107* Cal/em-s-K ~ A=34x10"°gr/cm> K  p=6.5x10"" gr/cm’
C=0.33 Cal/grK
T,=300K
n,=4500 1/cm’

B,=125 gr/m’
Q=12400kj/kg

T,=1500 K
Q,=124kj/kg

Fig. 2. Temperature profile of lycopodium dust particles in a two-
dimensional model.

RESULTS AND DISCUSSION

Fig. 2 shows the gas temperature distribution in preheat, flame,
and post flame zones for the fuel-lean mixture, which are obtained
from Egs. (11), (12), and (13) in the two-dimensional model. This
figure displays efficiently the temperature changes in all three zones.
The temperature in the middle of the channel is in accordance
with the temperature curves of the one-dimensional models.

In the preheat zone, gas is heated by conduction from the flame
zone. In the flame zone, despite the smallness of the zone relative
to the other zones, gas has an almost constant temperature. In the
post flame zone, the temperature decreases finally down to the ini-
tial temperature. With the assumption that the particles are uni-
formly distributed, temperature profiles are obtained in a symmetrical
relation to the channel center.

Fig. 3 depicts the flame temperature variation as a function of
dust concentration. As seen, the obtained result from the present
model is compared with the theoretical model Han et al. [9] and
Proust (reported by Han et al. [9]) and the experimental data [9].

The experimental flame temperature varies from 1,000 to 1,200°C,
while Han et al. [9] model forecasts the flame temperature lower
than the experimental data, in the range of 900 to 1,050 °C. Although
the Proust (reported by Han et al. [9]) model prediction agrees with
the experimental result [9] at lower dust concentration, its antici-
pation is not reasonable at higher dust concentration. But in the

T(°O)
[ ® Experimental Data [9]
1600 — + Theoretical Model by Proust (Reported by Han et al. [9])
#  Theoretical Model by Han et al. [9]
—a  Present Model
1400 -

i i 1 E . “ (g’
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Fig. 3. The flame temperature as a function of dust concentration

in lycopodium particles.
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Fig. 4. Flame speed as a function of dust concentration in lycopo-
dium particles.
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present model, the measured flame temperature, changing from
1,100 to 1,300, is fairly comparable with the corresponding experi-
mental data and, moreover, the trend of the flame temperature
complies with the experimental behavior.

Fig. 4 shows the flame speed distribution in terms of concentra-
tion for fuel lean mixture both for the present model and the experi-
mental data [9]. In this figure particle diameter is d,=32 um and
there is a good agreement between the obtained and experimen-
tal flame speed. This is a finding which indicates the importance
of considering a two-dimensional model. As seen, the flame speed
of this model is higher than the experimental result. This discrep-
ancy is justifiable by the heat loss and radiation effects which are
not considered in this research.

Fig. 5 indicates the flame speed as a function of dust concentra-
tion for different particle diameters. As observed, the flame speed
trend is the same for different particle diameters when the dust con-
centration increases. From this figure, it can be concluded that the
flame speed goes up and down when the dust concentration increases
and higher flame speed is achieved for the lower particle diameter.

Fig. 6 indicates the calculated two-dimensional laminar flame
speed as a function of equivalence ratio for lycopodium-air mix-
tures. The flame speed increases with decreasing particle size. Based
on the assumptions of this study, flame speed increases gradually
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Fig. 5. Flame speed as a function of dust concentration in lyco-
podium particles for different particle diameters.
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Fig. 6. Flame speed as a function of equivalence ratio in lycopodium
particles for different particle diameters.
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with the increase of equivalence ratio.
CONCLUSIONS

In the mathematical model of lycopodium dust cloud combus-
tion presented in this article, a new equation for flame speed and
gas temperature distribution in the channel is obtained by solving
the two-dimensional energy equations. This equation determines the
relationship between flame speed, particle diameter and dust con-
centration. The partial differential equations have been solved using
the separation of variables method in the fuel-lean mixture condition.
As shown in the presented figures, flame speed increases with the
increase of dust concentration in the lean conditions. In a specific
concentration, with the decrease of particle diameter, flame speed
increases. Also as expected, flame speed increases gradually with
the increase in equivalence ratio. As perceived, the burning veloc-
ity profile is boosted by reduction in the particle diameter. In com-
parison with the one-dimensional condition, the two-dimensional
results are closer to the experimental results, and flame speed and
flame temperature are in agreement with the experimental results.

NOMENCLATURE

>

: parameter characterizing rate of vaporization of fuel parti-
cles, Eq. (9)

:mass fraction of fuel

- heat loss coefficient of gas

: the specific heat capacity [J/kg’K]

:diameter of the channel [m]

: parameter defined in Eq. (9)

:number of particles per unit volume

: heat release per unit mass of fuel [J/kg]

: heat associated with vaporizing unit mass of fuel [J/kg]

:radius of particle [m]

: parameter defined in Eq. (9)

: parameter defined in Eq. (9)

: temperature [°K]

: velocity [m/s]

:heat release rate of fuel [kg/m’s]

- heat associated with vaporizing rate of fuel [kg/m’s]

<HYPETPLOP FAEOTE

z .z

<

Greek Symbols

: parameter defined in Eq. (20)

: parameter defined in Eq. (20)

: flame zone thickness [m]

: parameter defined for temperature

: parameter defined for solid phase temperature in Eq. (23)

: parameter defined for solid phase ignition temperature in
Eq. (26)

: thermal conductivity of gas [W/m°K]

: parameter defined in Eq. (23)

: density [kg/m’]

: equivalence ratio

DI/ITDEURR™®

< T n N

Subscripts
g  :gas
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f : flame

v : vaporization

u :unburned

s : particle

si  :particle at the beginnings of burning
st : stoichiometric condition
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