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Abstract

In the present research, combustion of a quiescent coal char
particle cloud has been studied in the media with spatially
discrete sources by means of numerical approach. A thermal
model based on diffusion-controlled regime of coal char parti-
cles has been generated in order to estimate the characteristics
of flame propagation in heterogeneous media. The model uses
discrete heat sources to analyze dust combustion of particles
with the diameter of 50 um. Oxygen and Nitrogen have been
considered as the main oxidizer and the inert gas, respectively.
Flame propagation speed in various dust and oxygen concen-
trations has been studied. Flame speed as a function of parti-
cle size has been investigated and comparison between cases
with and without consideration of radiation effect has been
made. Furthermore, minimum ignition energy as a function of
dust concentration for different particle sizes has been stud-
ied. Results show a reasonable compatibility with the existing
experimental data.
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1 Introduction

Combustion of char particles is related to pulverized coal com-
bustion, burning of heavy fuel oil, particulate emission through
soot oxidation, and propulsion, due to its high energy density.
Consequently, extensive studies have been conducted, as sum-
marized in several comprehensive reviews [1-5]. Because of its
low price and ease of use, coal will continue to be one of the main
energy sources. Hence, combustion of coal attracted a consider-
able amount of theoretical and experimental investigations.

On the other hand, dust explosion has been a recognized
threat to humans and industries for the last 150 years [6-11].
The occurrence of three fatal combustible dust explosions
within one year in 2003 prompted the U.S. Chemical Safety
and Hazard Investigation Board (CSB) to commence a broader
study on the extent, nature and prevention of combustible dust
fire and explosion hazards. Methane and coal dust explosions
are the most feared hazards in the coal industry worldwide
[12]. The large majority of these explosions originates from
or occurs around sealed mine areas [13]. Such events have
prompted industries to study dust combustion characteristics to
seek the means to reduce the effects of dust combustion.

Thus, a precise knowledge of dust explosion’s hazards is
essential to estimate the consequences of a dust explosion and
to select the adequate methods of protection such as venting
(e.g., explosion relief vents) and suppression systems.

Propagating diffusion fronts in reactive, heterogeneous media
consisting of two spatially separated phases are common in
many fields such as chemical kinetics, combustion, biology, etc.
[14]. In addition, fire dynamics and modelling of fire spreading
are some of important examples in heterogeneous media.

Goroshin et al. [15] studied the effects of the discrete nature
of heat sources on flame propagation in particulate suspensions.
They illustrated the effect of the discrete nature of the heat sources
on flame propagation by comparing flame speeds calculated
both from continuous and discrete models in lean Aluminium
and Zirconium particle-gas suspensions. It is reported in their
work that the discrete flame model predicts lower flame speeds
and a weaker dependence of the speed on Oxygen concentra-
tion. Tang et al. [16] investigated the effect of discreteness on
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heterogeneous flames and propagation limits in regular and
random particles. Mendez et al. [17], also, studied the speed of
reaction-diffusion fronts in spatially heterogencous media.

Because of coal reaction with oxygen in the air, which is an
exothermic reaction even in ambient condition and probabil-
ity of its thermal runaway, combustion of coal is an important
safety issue in mines [18]. To prevent disasters in coal mines
and also to improve fundamental understanding of the phenom-
enon, researches on the combustion of coal dust cloud have
been conducted for a long time. Also pulverized coal combus-
tion is mainly used as an energy source in practical use. The
pulverization of coal into fine particles are made to increase
the specific surface area to enhance the rate of heat and mass
transfer between the coal particles and surrounding hot gases.
This, on the other hand, will increase the importance of the
continuity or discreteness of the system.

Regarding flame stability, flame propagation behaviour in
coal dust clouds seems to be one of the important properties
for predicting the performance of a new burner [19]. Most of
the experimental studies mainly deal with the influence of coal
composition on combustion of coal and different stages of coal
combustion [20]. Numerical studies, on the other hand, deal
with the modelling of different stages of combustion process.

Bermudez et al. [21] investigated a mathematical model for
combustion of coal particles with a simplified kinetic model.
Their model included the change in diameter of the particles.
Kun Li et al. [22], also, studied particle combustion by consid-
ering both volatile and carbon reactions. In their model, they
assumed that flame moves from off the particle to the surface
of the particle after a homogenous burning process. Most of the
models for coal combustion neglect the discrete nature of this
process and deal with it as a continuous phenomenon.

The coal particle contains a fix carbon part, also known as
char, and volatiles (a mixture of light gases and tars). Concisely,
the combustion of initial coal particle consists of four main parts,
which are vaporization, devolatilisation, burning of volatiles and
combustion of the remaining char. The latter is much slower than
devolatilisation and burning of the volatiles and, therefore, deter-
mines the burnout time of the coal particles. The combustion of
the remaining char involves an interaction of heterogeneous and
homogeneous reactions and transport limitations.

In the present study, the effects of char particle size and dust
concentration on flame propagation of micron- sized dust parti-
cles in media with spatially discrete sources are studied numeri-
cally. A thermal model based on discrete heat sources viewpoint
has been utilized. Flame propagation speed as a function of dust
concentration and particle size has been investigated. In addition,
the minimum ignition energy as a function of dust concentration
for different particle diameters has been studied. It should also be
noted that available experimental results are in poor agreement
with each other, apparently, due to different test conditions and
differences in internal structure of examined particles.

2 Thermal Model

The mechanism of the combustion of dust clouds is a very
complex process. The difficulty in their study is due to various
processes such as heating, evaporation, mixing with oxidizer,
ignition, burning and quenching of particles in the dust cloud.
In the study of flame propagation in dust clouds, particle size
and dust concentration play very important roles. In addition,
the interaction between the particles in the mixture always
makes the dust combustion an unstable process. Heat transfer
is the dominant phenomenon in the process of flame propaga-
tion in dust clouds.

A thermal model established on heterogeneous combustion
in three-dimensional space, which relies under the following
assumptions, has been generated:

1. Burning particles in air are assumed to be spherical and
the flame diameter remains constant and is equal to the
particle diameter.

The ignition is supposed to occur in a layer of particles
simultaneously so the flame propagation will be planar type.
The burning process is quasi-steady.

. The physical and thermal properties of particles and the
media, such as thermal conductivity, specific heat and
density are assumed constant during the burning process.
Gravitational forces are neglected to overcome the
buoyancy effects.

There is an equal and constant space between the particles
distributed in the dust cloud.

A constant rate of energy release is considered during the
combustion of a single particle.

Levendis et al. [23] presented an equation for burning time
of a single micron-sized char particle. The combustion mode of
micron-sized char particles is a diffusion-controlled regime. In
addition, char undergoes a heterogeneous combustion in oxy-
gen. The burning time of char particles in diffusion-controlled
regime can be obtained from the following equation [23]:

e ldd )R,
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Where ¢

b.diff
controlled regime, P, is the apparent density of coal particle,

d .

pii
respectively. R is the ideal gas constant, 7 is the mean tem-

is the burning time of char particle in diffusion-
and dpy , are the initial and final diameters of the particle,
perature in the film, D/, = is the mass diffusivity of oxygen

into the air, and Y,, is the mass fraction of oxygen in the
ambient gas far from the particle surface.

2.1 Governing Equations
2.1.1 Conduction Heat Transfer

As the minimum amount of energy is provided to the dust
cloud by the ignition system, the temperature of some particles
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is increased to the ignition temperature. When these particles
start to combust, they play the role of a heat source in the dust
cloud system and it results in a temperature rise in the surround-
ing region. The temperature rise in other particles is determined
by summing the thermal effects from the burned and burning
particles. When the temperature reaches a certain threshold, the
combustion will pass to the other particles, as shown in Fig. 1.
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Fig. 1 The spatial distribution of particles in dust cloud: Layer n—1 (burned
particles), layer n (burning particles), and layer n+1 (unburned particles)

The increase in the temperature of particles in the preheated
zone due to conduction heat transfer only is stated based on the
superposition principle. In order to model the single-particle
combustion and the time-place temperature distribution of its
domain, the energy equation in spherical coordinates is used:

Lﬁ(rz 6Ta(r,t)j_l8Tu(r,t)
r or or a ot

Where T (1,1) is T(1¢)-T, , and T is the ambient temperature.
The boundary and initial conditions of the above equation are:

(@)

0 T (r,t)=qxHeaviside(t —t) at r=r,

kA, =
T,(0,)=0 ?3)
T (r,00=0

Where kp and A, are thermal conductivity and surface- area
of the particle, respectively. ¢ is the rate of heat release of a
single particle which is released from its surface while burning,
and defined as below [24]:

G=Ak, (T, —T,)r,’ (4)

The space-time temperature distribution of particles through
the whole domain has been obtained as stated below:

(r-n)’
do(t— T)):l

)

T,(r,0)

:(Tf—Tw)r’[ rf ( (r- )) Heaviside(t —)erfc(

TﬁZj‘,Z;Ta(m,k)(rW lgl) (6)

T is the space-time distribution of temperature of single
burning particle surroundings and beyond, and 7; is the total
effect of particles during and after combustion which indicates
the temperature of the media surrounding a particle in the pre-
heated zone. 7', =300 K and 7= 3700 K are the considered val-
ues [15]. 1, j and k denote the number of layers from the specific
particle to any particle along each axis. Consequently, the space
between these particles is presented by:

g = L+ K

Where L is the space between two adjacent layers which is
defined by the equation below [25]:

(7

1/3
= (ndj;pp /6Cd) (8)

Where P, is the particle density, C, is the dust cloud con-
centration, and dp is the particle diameter. The flame propa-
gation speed is defined as the ratio of the space between two
adjacent layers to the difference of their ignition times [26]. As
mentioned earlier, since micron- sized particles are being dealt
with, the formulation presented by Glassman and Yetter [27] is
utilized here. Fig. 1 shows the spatial distribution of particles
in dust cloud. The ignition time of a single particle in a layer
can be the representative of the ignition time of that layer. The
particle is assumed to be positioned at the origin of the local
coordinate system.

2.1.2 Radiation Heat Transfer

The propagation of flame in the cloud particles is performed
by the conduction and radiation heat transfer mechanisms.The
temperature of the particle is determined based on the amount
of energy transferred and the heat capacity of the particle. For
this purpose, it is necessary to solve Eq. (9), the energy equa-
tion of a particle:

ar,
Qrad + Qc = pch_ (9)

dt
C, is the average heat capacity which is taken a constant
value at a given range of temperature between the ignition tem-
perature and adiabatic flame temperature. O . is the radiation
heat transfer and Q, is the conduction heat transfer which is

obtained by the below equation [24]:

Q.=HAT,~-T)) (10)

T is the temperature of the gas surrounding the particle
which is calculated from the previous section and 7' , is the tem-
perature of the particle, A4, is the surface-area of the particle and
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H is the convective heat transfer coefficient. Since the particle
is considered spherical so [24]:

Hd
Ny=—=L2=2
A

an

Where Nu is the Nusselt number and A is the heat conduc-
tivity coefficient. Using above equation and substituting in
equation (10), we have:

204,
=— (I,-1,)

P

0. (12)

Radiation in a dust cloud mixture is considered to be as the
radiation in a gray two-phase environment [28]. This environ-
ment incorporates the coefficients of emission, absorption and
scattering of thermal radiation intensity.

ar_ +K I +KI-KI, - K,
dx 4

j 1(Q)P(6,D)dQ

4

(13)

The terms on the right side of Eq. (13) represent the radia-
tion intensities resulting from absorption, scattering, emission,
and also the radiation intensity due to the scattering of the other
particles respectively. K, K and I are the scattering, absorp-
tion coefficients and radiation intensity, respectively. P (6,
@) is the phase function for scattering [29], and /, is the black
body emission power, which depends on the local temperature
of particles. All particles in this two-phase environment are
assumed to have a spherical shape and uniform size. They all
have positive values, and / decrease as x (distance variable)
increases. In a two-phase mixture with uniform particles, K
and K are obtained through the below equations [30];

nd’n.

Ka = 2 - Qabs (14)
nd’.n,

KS = Z - QSCa (15)

Where QO , and Q_ are the absorption and scattering effi-
ans sca
ciencies and dp and n_are the particle diameter and the num-
ber of particles per unit volume. The absorption and scattering
efficiencies of these spheres can be considered as following. In
case the particles act as perfect reflective scattering spheres:

Qabs =¢
Qsca = 1 —€

Where ¢ is the solid particle’s emission capability.

(16)

The equations are difficult to solve because of the integral
term on the right hand side of the Eq. (13). The integral term
represents multiple scattering. If it is assumed that the multiple
scattering is negligible and the intermediary matter propagates
throughout the pre-heating process, only the absorbed energy
will remain which is then converted to the internal energy;

therefore, the radiation in the pre-heating zone is expressed as
following [28]:

Q,=K,I,exp(-K,x)

Ka
{Kt = Kﬂ +KY If = K bp}

1

a7

Where I ,1s the intensity of radiation, induced from the flame
front into the pre-heating and vaporization zones. Also X, ¢ and
Tf are distance variable, the Stefan- Boltzmann constant, and
flame temperature, respectively.

2.1.3 Flame Radiation Model
The heat transfer via radiation to a single particle should be
obtained before being generalized to the discrete model. The
O, calculated in the previous section is the amount of heat radi-
ated to pre-heating zone from the burning particles of the dust
cloud, and it can be used to estimate the amount of radiation per
unit area. This means that, this is the amount of energy that all
the existing particles in a layer with an area of unity receive in
the pre-heating zone. In a unit area, the number of particles in a
layer is determined by the following expression:
n =L" (18)
Thus, the amount of radiation heat transferred via radiation
from the combustion zone to a particle in the pre-heating zone
is obtained through dividing Q

abs by nL;

q,=0,/n, (19)

Using equations (16), (17) and substituting in equation (19)
we have [31]:

2

d —rd’
q, = —”520T/.4 exp[ 4L3" xJ

4L (20)

As stated in the previous sections it is assumed that radia-
tion is only emitted from the burning layers. The second layer
is ignited after the ignition of the first layer, which causes its
particles temperature reach the ignition temperature of fuel and
the subsequent layers are ignited in the same way. Therefore,
each layer has a unique ignition time. As a result, the radiated
energy from a burning layer depends on its time of combustion.

The sum of energy emitted from the burning layers deter-
mines the total energy transferred to a particle in the pre-heat-
ing zone. Assuming the number of burning layers to be n,, the
following expression can determine the total radiation heat
transferred to a particle in the pre-heating zone:

7p

O, = .4,(x,1) @1)
/
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By substituting O, and Q. in the Eq. (9) we have:

2kA, dr,
Qs+ —— (Is=T,) = pe,y —= (22)

P

The above equation covers the effect of radiation and con-
duction mechanisms in increasing the temperature of the target
particle.

3 Results and Discussion

A MATLAB code has been generated to compute the burn-
ing velocity and ignition time of each layer after the discharge
of the energy from the ignition system. The logic and algorithm
of the program is shown in Fig 2.

In fact the theoretical model is based on analytical approach.
How ever, to obtain the final results of the governing equations,
a computational method has been utilized.

In the considered algorithm, following the release of energy,
at first, the temperature of the first layer due to the ignition sys-
tem at the considered location is calculated. As temperature of
the particles of the first layer reaches the ignition temperature,
it is registered as the first layer ignition time and the program
continues to find the ignition times of the other layers.

Further than the first layer (n > 1), preheating of other layers
is affected by both burning of the previous layers and the igni-
tion system. Therefore, when temperature of a layer reaches
the ignition temperature, the corresponding time is registered
as the ignition time of that layer. Flame propagation speed can
be calculated via dividing the distance between two adjacent
layers L by the difference between ignition times of these two
layers. The rise of particle’s temperature will be a function of
thermal diffusivity o , if it is assumed that conduction is the
only mechanism of flame propagation. The higher this value,
the sooner the adjacent layers reach the ignition temperature
and the flame propagation speed increases.

Regarding the radiation mechanism, any factor which
causes a rise in the number of simultaneously burning layers,
will contribute to the increase of radiation intensity. We assume
that radiation heat transfer issues only from a burning layer,
and it stops when that layer burns out. Therefore, the radia-
tion intensity is higher when there is a lesser time difference
between the ignitions of adjacent layers which means that more
layers are burning at the same time. If the radiation intensity
increases, the influence of radiation heat transfer becomes
more significant than that of conduction. As long as the radia-
tion intensity has not reached its critical value, the layers in
the preheated zone ignite one after the other. At the beginning
the difference between the ignitions times of adjacent layers,
t,(n+1)—1¢ e (n), which is proportional to flame advancement
speed, varies for both adjacent layers. However, as the flame
propagates, this propagation speed value will become stable.

Input Parameters
Tig, T,. dp, Cd, coz' g, Pt €y kp

!

t=0,n=1
t=t+At
T=Tajg(Lt)
No
Yes
tig(nJ= t

save ignition time of the first layer

Yes

t (n)=t X
save ignition time of the n layer

Next Layer

Fig. 2 The algorithm of the computer code generated for the estimation
of flame propagation speed and ignition time of particle cloud layers

Figure 3 illustrates the comparison of the theoretical flame
propagation speed with experimental data obtained in [19] in
terms of dust concentration. With the increase of dust con-
centration, flame propagation speed tends to increase. When
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Oxygen concentration is equal to 40% as in experimental con-
ditions [19], the gained results show a reasonable compatibil-
ity, but for air (Oxygen concentration = 21 %) as expected,
the flame speed is less than the precedent case. The difference
between the results is exclusively because the experiment data
were for coal particles with 30% volatile, while our model was
presented for char particles burning. Due to little difference
between our results and those obtained in [19], it can be con-
cluded that our model over predict the effect of char part in
burning of the coal particles.

Figure 4 illustrates the changes of flame propagation speed
as a function of particle diameter in different values of dust con-
centration. Flame speed tends to decrease as particle diameter
increases. This is mainly due to decreasing of the char specific
surface area over which heat transfer and reaction could occur,
which, in turn, creates thicker flame front and thus lower propa-
gation speed. Furthermore, with a rise in the value of particle
diameter the rate of change is going to slow down. Therefore, in
the case of very low particle diameter, the flame speed is higher.
Furthermore, as it is shown in Fig.4, as the dust concentration
increases, flame propagation speed tends to increase as well;
however, the rate of change in higher concentrations decreases.
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Fig. 6 Minimum ignition energy as a function of
dust concentration in different particle diameters

Figure 5 illustrates the Flame propagation speed in terms of
particle size with the consideration of radiation effect. In com-
parison with the precedent case (neglecting radiation effect),
it can be seen that, as expected, the flame propagation speed
is higher. It should be noted that in this case, dust and Oxygen
concentration is equal to 1.4 (kg/m3) and 40%, respectively.

The minimum ignition energy for a layer in the presumed
discrete media as a function of dust concentration for different
particle sizes is demonstrated in Fig. 6. As it is shown, with a
rise in dust concentration, minimum ignition energy decreases
which is because there would be more fuel to let the flame start
propagating. Minimum ignition energy function seems to have
asymptotic behaviour beyond a certain big dust concentration.
To describe this asymptotic behaviour further investigations
are necessary. Moreover, with increasing the particles diam-
eter, and thus increasing their resistance, the minimum igni-
tion energy increases.

4 Conclusions

To develop a combustion model that demonstrate the com-
bustion of char particles, a new thermal model considering the
discrete nature of the phenomenon was developed by means
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of numerical and theoretical approaches. A computer code has
been generated in order to study the effects of dust concentra-
tion and particle size on flame propagation speed.

The results indicate that increase in the value of dust con-
centration, boosts the flame propagation speed. Also, as the
oxidizer concentration increases, the burning time of coal char
particles decreases, so the flame speed will rise. It is shown
that as the particle size increases, flame speed decreases and
after a certain diameter, the rate of flame speed change tends to
decelerate. In addition, minimum ignition energy as a function
of dust concentration for different particle diameters is illus-
trated. It is observed that minimum ignition energy tends to
have lower values as the particle size decreases.

The results, compared with some experimental data, demon-
strated that the new model is an effective model for the estima-
tion of flame front speed in various dust concentrations under
different initial conditions.

It should be noted that the present research can be extended
to a condition that oxidizers have velocities; therefore, convec-
tion terms should be added to the governing equations. The
aforesaid suggestion is an important topic for counter flow
combustion applications.

Nomenclature

A, Surface- area of the particle

C, Dust cloud concentration

C, Average heat capacity of the particle

D,,. Mass diffusivity of oxygen into the air

dp Particle diameter

i,j, k The number of layers from the specific
particle to any particle along each axis

1 Radiation intensity

1, Radiation intensity induced from
flame boundary to preheat zone

A Black body emission power

K, Absorption coefficient

K, Scattering coefficient

kp Thermal conductivity of particle

L Space between two adjacent layers

Nu Nusselt number

n Number of particles per unit volume

n, Number of particles in a layer

PO6,0) Phase function for scattering

0. Summation of radiated energy

0. Summation of conducted energy

0. Radiated energy

O, Efficiency of scattering coefficient

[ Efficiency of absorption coefficient

q. Defined in Eq. 19

q Rate of heat release of a single particle

R Ideal gas constant

r Radial distance

Y

NN

<~

t
bay

N®>)<‘OQ

RS

Particle radius
s The space between the target particle
and each particle

Flame temperature

Particle temperature

Ambient temperature

Temperature of the gas surrounding
the particle

Distribution of temperature around

a single burning particle

t Time

Burning time of char particle in diffusion
controlled regime
Ignition time of single particle

X Distance variable

Mass fraction of oxygen in the ambient gas
far from the particle surface

Thermal diffusivity

Solid particle’s emission capability

Heat Conductivity coefficient

Cone angle, angle from normal of area
Burning time

Apparent density of coal particle
Circumferential angle

Solid angle
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