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• Flame propagation through a 
coal dust-air mixture in a spher-
ical vessel was analyzed. 

• Effect of venting devices and 
the radiation heat loss on flame 
propagation speed, flame tem-
perature and pressure were 
studied. 

• Influence of dust concentration 
and dust volatility on explosion 
parameters has been analyzed.

• The pressure-time curves that 
are generated with this mod-
el show a good similarity with 
those measured in practice. 
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The flame propagation through a coal dust-air mixture in a spherical vessel was 
studied by means of a one-dimensional, Arrhenius-type kinetics and quasi-steady 
model. The model includes the evaporation of the volatile matter of dust particles 
into a known gaseous fuel (methane) and the single-stage reaction of the gas-phase 
combustion. Effect of venting devices as safety idea and the radiation heat loss, as 
very affecting phenomenon on flame propagation speed, flame temperature and 
pressure were studied. The radiation heat losses occur between the reaction zone 
and the surrounding wall. Influence of dust concentration and dust volatility on dust 
explosion parameters has been analyzed. The pressure-time curves that are generated 
with this model show a good similarity with those measured in practice. The model 
can represent a useful framework to be employed in organic dust combustion. This 
research can be valuable in the development of alternative fuels; and it can be used 
by the fire safety and control industry.
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1.Introduction

Combustion of the heterogeneous mixtures consist-
ing of particles and an oxidizer is important in many 
areas of engineering. The risk of ignition and explo-
sion of organic cloud particles, is always have raised 
as a critical challenge in industries such as agricultur-
al, chemical, food, grain storage, coal mining and, etc. 
Scientists have sought for develop methods for mod-
eling the combustion of organic particles and the pre-
vention of their explosions in industries. Bio powder 
and organic particles are the suitable options for pro-
duction of alternative fuel.

The flame propagation through a dust cloud can be 
modeled by different models. For example, Essenhigh 
and Csaba [1] presented a model of coal dust flame 
propagation considering the incoming radiating heat 
from the walls to the particles. They neglected any 
other form of heat transfer. Smoot et al. [2] assumed 
conductive heat transfer as dominant mechanism in 
modeling of coal dust flame.  Mitsui et al[3] Cassel et 
al[4]modelled flame propagation in which the ignition 
of a particle was assumed to take place at the surface . 

The physical mechanisms of two-phase flow were 
studied lower than gas flows. Whereas considerable 
researches have been done on the spray reactions, but 
the study of the reaction of two-phase flow were con-
sidered very low. The solid phase has a greater thermal 
inertia than the gas phase. Therefore the temperature 
difference between the gas phase and the solid occurs. 
Temperature difference between the particle and the 
gas changes reactive characteristics such as reaction 
temperature, gas velocity and reaction components. 
Many studies have been conducted on the flame propa-
gation in the cloud of particles. Elkotb et al. developed 
a theoretical model to determine the ignition character-
istics of organic dust [5]. Liu et al. [6] investigated the 
flame propagation through the hybrid mixture of coal 
dust and methane in a combustion chamber. Proust [7] 
declared a few fundamental aspects about ignition and 
flame propagation in dust clouds. In another study, 
Proust [8] measured laminar burning velocities and 
maximum flame temperatures for combustible dust air 
mixtures such as mixtures of starch-dust air, lycopo-
dium air mixtures and sulphur and flour air mixtures. 
Eckhoff clarified the differences and similarities be-
tween dust and gases [9]. Combustion of flammable 
dust clouds is seriously studied in the last fifty years, 
and a lot of experimental data is obtained [10,11]. 
Bidabadi [12] studied flame propagation among cloud 
particles according to the temperature difference be-
tween the particle and gas in the planar flame. In an

other study, Bidabadi et al [13] investigated the effect 
of Lewis number and heat loss on the combustion n of 
organic particles. Effect of radiation on combustion of 
organic particle cloud was analyzed by Bidabadi [14].

In mining and industeries that use coals, knowledge 
of the explosion hazard is critical scienice. Many re-
search have been done on the subject of the explosion 
hazard of powder and flammable dust and several 
books published in this field[15-20]. Many industrial 
processes include a gas explosion hazard. The effects 
of an explosion can be limited e.g. by gas explosion 
venting systems.

2.Modelling

In this paper the thin-flame model [22] was modified 
and developed for investigation of spherical flame 
propagation. The problem can be considered as a real 
situation like a deflagration in a spherical enclosure. 
In this paper, the thin model [22] was modified for the 
particle combustion and has been presented and dis-
cussed. The qualitative agreement with experimental 
data has been found. It is supposed that coal particle 
devolatilized completely and homogeneous combus-
tion reaction happened. The model presented a use-
ful framework to be implemented in coal combustion 
situations. The effect of coal volatile matter and dust 
concentration were investigated. The effect of radia-
tion heat loss on flame temperature and flame speed 
was evaluated.

During an explosion, the content of the vessel is as-
sumed to consist of a spherical inner region of com-
pletely burnt mixture, encapsulated by an outer re-
gion of completely unburnt mixture. The regions are 
separated by an infinitely thin spherical flame front. 
The flame front is then a surface where a discontinu-
ous transition takes place from unburnt to burnt mix-
ture and propagates radially from the point of ignition 
towards the vessel wall.  The unburnt as wel1 as the 
burnt mixture are treated as ideal gases. The specific 
heats of both the unburnt and the burnt mixture are the 
same and remain constant during the explosion. Here, 
the mass consumption rate of the unburnt mixture can 
be expressed by Arrhenius equation for reaction rate. 
But in previous thin model it obtained as function of 
burning velocity. that is different from  The transition 
of the unburnt into burnt mixture occurs through a 
single-step, irreversible chemical reaction which can 
be described by a global reaction rate expression. The 
temperature of the unburnt mixture, continually in-
creases as a consequente of the compression, which 
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Where the F is mass ratio of volatile matter to solid 
fuel. It assumed that all of volatile matter evaporat-
ed to gaseous fuel (methane) and burned in the flame 
zone. sfY  is solid fuel mass fraction. uS is obtained as 
[25,26]
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is assumed to be adiabatic. The burning velocity re-
mains constant during the explosion. Point ignition at 
the centre of the dust cloud occurs with a negligible 
energy input.

Lewis and von Elbe [23] give an approximate ex-
pression which relates the mass fraction of burnt mix-
ture in the vessel to the fractional pressure rise. Based 
on this equation, the fraction of unburnt mass can be 
expressed as
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And differentiation of equation (1) with respect to 
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The mass consumption rate of the unburnt mixture in 
thin model expressed as [24]
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That fY ,ω  and δ respectively, are evaporated fuel 
mass fraction, fuel combustion rate and flame thick-
ness. We consider a single step kinetic model chemi-
cal reactions ass Arrhenius method. These parameters 
calculated as
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That A , E and R  represent the frequency factor, the 
activation energy of the reaction and the universe gas 
constant respectively. Zeldovich number was defined 
as Eq. 6 and assumed that the zeldovich number is 
very high.
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The volume of the vessel mixture can be expressed 
as sum of unburnt and burned gas 
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For adiabatic compression of unburnt mixture                      
and Since 1 RT
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Where outm  is flow rate  of Exhaust gas from the 
chamber. For spherical flames, the continuity equation 
may be combined with the energy equation as,

                                                                                                  (17)

Where  is the radial velocity. For a spherical con-
finement of radius , and flame radius , the following 
leading order velocity field is obtained,
                                                                                       

                                 

Note that by taking into account radiation heat loss 
from flame zone to wall, without absorption by parti-
cle and gases the flame temperature can be achieved. 
Assuming that the gases are optically thin and that the 
cold surroundings (vessel wall) have a constant tem-
perature, the radiative heat loss can be calculated as:
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Where 2 45.669 8 We
m K

σ = −  is the Stefan-Boltz-
mann constant, T is the local gas temperature, wT  is 
the temperature of the cool surrounding wall. Here, 
the view factor and emission and absorption factor are 
one.  So by heat balance between heat generation (heat 
of combustion) and heat loss (radiation heat loss), we 
have :

And flame temperature is.
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By numerical solution of these equations, flame 
propagation behavior is obtained.

The values of adjusting parameters were presented 
below. These values are taken from properties of coal 
particles. The table 1 presents the values of adjusting 
parameters.

3. Results and discussion

Example of pressure data for weak and moderate coal 
dust explosion form ref [15]are compared with results 
of this paper in figure 1. this comparision  showes ex-
perimental data for a 20 litre chamber explosion test of 
low volitile bituminouse coal at a dust concentration of 
200 g/m3. The maximum explosion pressure is about 
5.5 bar. Figure 1 shows the computed pressure-time 
patterns for low volatile coal dust with concentration 
200 g/m3 in 20 liter and F=0.35. The predicted pres-
sure, is in agreement with experimental [15] and con-
firms the validity of the presented model

In this section, the presented figures for the Pressure 
pattern, flame propagation speed and the other com-
bustion parameters of particles with different concen-
trations has been presented and discussed. The studied 
particle is coal. It is assumed that methane is produced 
from the evaporation of the volatile matter of coal. The 
overall equivalence ratio of the premixed coal dust-
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Table. 1. 
The values of adjusting parameters.

A ̃ 3.4×10-5  kg/(Ksm2 )
n 1.333
γ 1.4
E 96 kJ/mol
Q 50 MJ/kg
Tw 300 K
ρuo 1.35×103  kg/m3

T∞ 300 K
Rgas 8.314  J /Kmol
Cair 1205  J/kgK
Cp,s 1256  J/kgK
λu 14.6538×10 -2  J/(msK)
Pa 1bar
Po 8bar
Pe 1bar
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Fig. 1. Comparison between presented simulation and experiment 
[15].

air is always greater than unity; however, the gaseous 
equivalence ratio is smaller than unity. 

Figs. 2 and 3 respectively show the changes of pres-
sure with the changes of  ϕu and  vessel size. The lower 
vessel size and higher ϕu gives higher rate of pressure 
change. 

Fig. 2.effect of solid fuel concentration on pressure.

The effects of radiation heat loss and the ratio of 
evaporated gashouse fuel to solid fuel (F) on spheri-
cal flame propagation have been investigated in Figs. 
4. As can be seen, the loss of radiation heat leads to 
the reduction of rate of pressure change and flame 
propagation speed. The time of flame propagation is 
increased to approximately double value with radia-
tion. The reason for this deceleration can be found in 
the temperature reduction caused by thermal radiation 
(Fig. 5). The higher ‘F’ and ϕu results the higher flame tem-
perature at the beginning of flame propagation and higher 
temperature decrease (Fig. 6).

Fig. 4. Effect of radiation heat loss on flame propagation

Fig. 5. Effect of radiation heat loss anf fuel volitility on flame tempera-
ture.

Fig. 3. Effect of vessel size on pressure.
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Fig. 6. Effect of Fuel concentration and radiation on flame prop-
agation.

Fig. 7. Effect of vessel size on radiation heat loss.

Effect of vessel size on variation of the radiation heat 
loss against dimensionless flame radius is shown in 
Fig. 7. As can be seen, with increase of vessel size heat 
loss increases. But maximum of heat loss is at point 0.8 
on horizontal axis in all plots.  As a safety idea, vessels 
have to be protected against extreme pressure by vent-
ing devices such as bursting discs. The safety device 
discharges at Pset=1.2 bar  the overpressure in a vessel. 
Latter is important for most vent sizing methodolo-
gies and is proportional to the vent area. Fig. 8. shows 
the influence of venting size on the pressure profiles. 
Pressure profiles of vented gas registered a decrease in 
pressure with increasing vent area, as expected.

Flame speed largely depends on the radiation heat 
loss, the overall equivalence ratio (Φu), dust volatility 
(F factor) and venting (Fig. 9 and 10). Flame speed 
increase when ventilation diminishes and when Φu, in-
creases. The radiation heat loss leads to the reduction 
of flame temperature and flame speed. 

Fig. 8. Effect of vent size on pressure.

Fig.  9. Effect of fuel concentration and volatility on flame speed.

Fig. 10. Effect of radiation heat loss and venting on flame speed.
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4.Conclusions

Equations are developed to correlate flame radius, 
pressure, and time for explosion in a spherical vessel. 
The development includes an expression for the rate 
of reaction which appears to be consistent Arrhenius 
equation. Radiation heat loss to the vessel walls ana-
lyzed as a key factor. The developed model indicates 

Nomenclature

Unburned mass before flame initiation F Mass Ratio of volatile fuel to solid fuel

um Unburned mass before 
uS Burning velocity

P Vessel Pressure Cp
Specific heat

eP Maximum Pressure in vessel E Activation energy

oP Initial pressure in vessel R Gas constant

aP Atmosphere pressure Ze
Zeldovich number

orfc Orifice coefficient ρ density

orfA Orifice area 
fT Flame temperature

A Frequency factor ω Reaction rate

Q Specific Heat of fuel combustion uT Temperature of unburned mixture

δ Flame thickness σ Stefan-Boltzmann constant

fY Mass fraction of volatized fuel γ Ratio of specific heat

sfY Mass fraction of solid fuel

uom

that the rate of pressure rise increases with increase of 
dust concentration and mass fraction of volatile fuel. 
Because of heat loss to the vessel wall the flame prop-
agation speed and flame temperature is lower than case 
of without radiation.  The model can be used to predict 
the pressure development of dust explosions for safe-
ty purposes. Simulation with this model shows a good 
resemblance to experimentally observed pressure-time 
curves.
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