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This study analyzes a premixed dust–air ﬂame, under conditions where a homogeneous gas-phase
reaction front can exist. Discussion on four possible ﬂame types is provided. A solution is obtained for the
burning velocity of a ﬂammable dust–air ﬂame in both fuel and oxygen limiting cases. A sensitivity
analysis is used to analyze the features controlling the dust burning. It is shown that vaporization is
signiﬁcant for fuel limiting conditions; however, does not play a major role in oxygen limiting cases. The
calculated burning velocity shows good agreement with available experimental data for coal–dust–air
ﬂames.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
In industries that make, transport, and/or use ﬂammable dusts,
accidental dust deﬂagrations represent a real hazard to both personnel and equipment. Over the last 20 years, advances in expanding
chemical, metallurgical, and pharmaceutical industries have given
birth to a steadily increasing number of new ﬁnely divided ﬂammable materials [1]. In a recent review by Abbasi and Abbasi [2] dust
deﬂagrations caused 125 casualties and 398 injuries between 1980
and 2003. These explosions caused by a wide range of dusts
including grain, aluminum, coal, textile, rubber, resin, and others.
The Occupational Safety & Health Administration (OSHA) [3] has
further explored accidents involving dusts to show the problem is
still at large. This study focuses on researching the problem from a
fundamental perspective stressing a basic understanding about the
premixed dust–air ﬂame. This is achieved by subdividing the dust
ﬂame into four types based on the conditions in the ambient
(unburned) and post-ﬂame region. The classiﬁcation allows systematic comparison with the gaseous fuel–air premixed ﬂames studied
extensively in literature.

2. Flame structure
The earliest work on dust–air premixed ﬂames is provided by
Nusselt [4] and the most up-to-date review on the topic is given by
Eckhoff [1]. Smoot and Horton [5], Krazinski et al. [6], and Slezak
et al. [7] have investigated the problem using numerical modeling.
n
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Unlike a premixed gas ﬂame, a mixture of dust and oxidizer
involves a multiphase ﬂow which causes difﬁculty in both experiments and modeling [1,8,10–12]. For gases, the reactants are
separated by molecular distances [13]. Premixed combustion is
therefore guaranteed to small scales. By contrast, dust explosions
and dust ﬂames involve the combustion of a dust–air suspension.
A dust cloud which is uniform when viewed at a macro-scale (e.g.
cloud radius), may not be premixed at a small scale (e.g. interparticle distance). This caused researchers to make a distinction
between two types of dust ﬂames [1]: the Nusselt ﬂame and the
volatile ﬂame. In the Nusselt ﬂame, strictly heterogeneous combustion occurs at the surface of the particles, sustained by
diffusing oxygen towards the particles’ surface. Therefore, a
Nusselt ﬂame, which on a macroscopic scale may seem like
premixed combustion, consists of an ensemble of local diffusion
ﬂames. Such ﬂames are not considered in this study. With a
volatile ﬂame, particles produce vapor before combustion. When
mixed with air, these gases and vapors burn as a premixed gas.
Depending on the nature of the solid, three distinctive mechanisms have been proposed for the combustions of particles in
volatile ﬂames [14]:
1. Devolatilization and burning of volatiles followed by combustion of a solid residue.
2. Melting followed by evaporation and subsequently vapor phase
burning.
3. Evaporation through a solid oxide shell followed by combustion
of the vapor outside the shell.

Three steps of volatilization, mixing of the volatiles with air,
and combustion of the mixture are necessary for ﬂame
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Nomenclature
A
a
B
cp
CF
D
E
k
W
n
nu
Kst
P
Q
Qv
q
R
r
Si
SL
T
u
x0
x1
Y
yo

deﬁned in Eq. (9)
Zeldovich number
deﬁned in Table 1
stoichiometric coefﬁcient [–]
thermal conductivity [W/m/K)]
density [kg/m3]
equivalence ratio based on the initial condensed phase
fuel [–]
equivalence ratio based on the volatized gas evolved
at the end of the preheat zone [−]
deﬁned in Table 1
gas-phase reaction rate [g/(m3/s)]
vaporization rate [g/(m3/s)]

y1
Ze
α
ν
λ
ρ
ϕu

parameter characterizing rate of vaporization of fuel
particles [g/(m2/K/s]
deﬁned in Table 1
Arrhenius frequency factor [1/s]
speciﬁc heat [J/(kg/K)]
molar concentration of fuel [mol/m3]
species mass diffusivity [m2/s]
activation energy of the gas-phase reaction [J/mol]
rate constant of the gas-phase reaction [1/s]
molecular weight [g/mol]
temperature exponent characterizing rate of vaporization of fuel particles [–]
particle number density [1/m3]
deﬂagration index [bar m/s]
pressure [bar]
heat of reaction [J/kg]
heat of vaporization [J/kg]
heat of vaporization/ heat of reaction [–]
gas constant [J/mol/K]
average particle radius [m]
sensitivity parameter [–]
laminar burning velocity [m/s]
temperature [K]
velocity [m/s]
deﬁned in Eq. (9)
deﬁned in Eq. (9)
mass fraction [–]
deﬁned in Eq. (9)
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ϕg
γ
_ ″′
w
F
_
w″′
v

Subscripts
air
b
F
FC
f
g
max
mix
N
O
s
st
u

propagation in a dust cloud. The ﬁrst step, the release of volatiles
from the fuel due to thermal degradation or surface reactions or a
combination of both, is the most complicated due to the heterogeneous behavior. The three processes are illustrated in Fig. 1,
where four potential scenarios (A, B, CI and CII) based on two
equivalence ratios, ϕu and ϕg are presented; variable ϕu represents
the equivalence ratio based on the total condensed phase fuel in
the ambient zone, whereas ϕg represents the equivalence ratio
based on the volatized gas vapor evolved at the end of the
preheat zone.
In Fig. 1, label “A” denotes the condition where ϕu o1 and
ϕg o 1. Label “B” denotes the condition where ϕu can take any
value but with the condition of ϕg o 1. It is assumed here that the
number of particles is large enough such that the ﬂame standoff

property of air
burned mixture
gaseous fuel
fuel fraction in reaction zone
at the reaction zone/ﬂame location
gas
maximum
combined solid and gas-phase property
normalized variable
oxygen
solid fuel
stoichiometric
unburned mixture

distance surrounding each particle is signiﬁcantly larger than the
characteristic separation distance between the particles. For liquid
droplets (spray ﬂames) this is observed for overall equivalence
ratios (ϕu) greater than 0.7 [15]. Label “C” denotes the condition
where both ϕu and ϕg are greater than 1. Two cases can arise, in
this case: “CI”, where the particles completely vaporize in the
preheat zone (burned mixture in convective zone comprises of
fuel rich vapor), and “CII” where the particles do not completely
vaporize and act as heat sinks in the convective zone. The gray
shading is shown to indicate the mass fraction of fuel vapor
present with a darker color representing higher mass fraction.
The inset labeled “D” shows a close-up of the ambient zone
where the random distribution of both particle separation and size
in a dust–air ﬂame is highlighted. In most models, including those

Table 1
Dust–air ﬂame models.
No.

Model equations

1 Seshadri et al. [18]

S2L ¼

2

2νF λu Bð1=ZeÞ
ρu cp,mix



exp − RTE f

ϕg range
ϕg≤1

Y FC Q ¼ cp,mix ðT f −T u Þ
3aα2=3 −3a2 α1=3 þ a3 −1 ¼ 0
2 This work

S2L ¼

2λu Bð1=ZeÞ2
ρu cp,mix



exp − RTE b

Y FC Q ¼ cp,mix ðT f −T u Þ
3aα2=3 −3a2 α1=3 þ a3 −1 ¼ 0

a¼

γ
,
3n

Ze ¼

EðT f −T u Þ
RT 2f

,

α¼

Y Fu
,
Y FC

cp,mix ¼

νF W F Q
νO W O

Y O,u

ðT b −T u Þ

,

γ¼

4:836Anu 1=3 λu ðT f −T u Þn
SL 2 ρu 4=3 cp,mix Y FC 1=3 ρs 2=3

ϕg≥1
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Fig. 1. Schematic illustration of the structure of a premixed dust–air ﬂame.

Fig. 2. Schematic of ﬂame structure in a dust–air ﬂame.

presented in this work, these quantities are approximated as
average values, and it is assumed that there is an even distribution
of particles of an average size and a single fuel type. The
implications of this simpliﬁcation have not been thoroughly
investigated in the combustion literature, though there has been
some research into deriving models for dual particle sizes [16] and
dual particle fuels [17].
The inset labeled “E” shows a close-up of the preheat zone.
During this, the differences in particle size play a signiﬁcant role as
smaller particles heat up faster and vaporize almost completely,

while larger particles continue to be in the condensed phase as
they move into the reaction and convection zones. The inset
labeled “F” shows a close-up view of a single vaporizing particle
with the inset labeled “G” showing the surface of a particle in the
preheat zone where the fuel changes phase from solid to gas and
premixes with the oxidizer to establish a ﬂame front. At this stage,
it is possible that burning is localized on the surface alone. Note
that the change in phase slows down burning velocity signiﬁcantly
compared with a gas ﬂame. Further, as shown in “G”, the heat ﬂux
related to in-depth conduction (q_ ″cond ) and radiation (q_ ″rad,in , q_ ″rad,out )
also play a signiﬁcant role. The inset “G” also shows the vaporiza_ ″′
tion rate (w
v ), which is determined by an energy balance of the
net heat transfer divided by heat of gasiﬁcation. These additional
parameters inﬂuence the burning of particle air ﬂames as discussed further in Fig. 2, which shows a sketch of the ﬂame
structure for the four types of equivalence ratio combinations
considered.
The proﬁles of mass fraction of condense-phase fuel (Ys), mass
_ ″′
fraction of vaporized fuel (YFC), the vaporization rate (w
v ), the
″′
_ R ), and the temperature (T), across ambient,
reaction rate (ω
preheat, reaction and convection zones, are shown in Fig. 2. Case I
represents the conditions where ϕg≤1 and all the condensed phase
fuel vaporizes as shown in Fig. 1 (A). When ϕg≤1, fuel is the
limiting reactant and is consumed in the reaction zone. Vaporization mainly takes place in the preheat zone, with the mass fraction
of the condense phase particles (Ys) dropping to zero and the mass
fraction of the fuel vapor (YF) reaching a maximum in the preheat
zone. The temperature increases through the preheat zone,
reaches the maximum value in the reaction zone, and remains
constant in the convection zone (losses are neglected).
Case II represents the conditions of ϕg≤1 and particles do not
vaporize in the preheat zone as shown in Fig. 1(B). Particles
continue to burn even in the convection zone, resulting in the
temperature in the convective zone (Tb) to be greater than the
ﬂame temperature (Tf). The inset labeled “H” in Fig. 1 shows the
convection zone in case II, where the fuel particles continue to
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burn in the presence of excess oxygen. The presence of these
particles is mainly because of their larger sizes and/or slow
vaporization rate. Note that this case results in increase of the
temperature in the convection zone.
Case III represents the condition where ϕg≥1. All the particles
vaporize in the preheat zone as shown in Fig. 1 (CI). However, in
this case, only part of the gas-phase fuel burns in the ﬂame zone,
because of the fuel-richness of the mixture, and there is fuel vapor
left over in the convection zone. Oxygen is the limiting reactant in
this case. Assuming there are no heat losses, temperature can be
approximated to remain constant in the convection zone.
Case IV represents the conditions where ϕg≥1 and the particles
are not completely vaporized in the preheat zone as shown in
Fig. 1 (CII). Similar to case III, oxygen is the limiting reactant for this
case also. However, as the particles continues to vaporize in the
convective zone, the mass fraction of the fuel vapor increases and
the temperature in the convection zone decreases. The inset
labeled “I” in Fig. 1 shows a close-up of the convection zone,
which occurs in case IV where fuel particles continue to vaporize
but do not burn because of oxygen limitation. This continued
vaporization increases the fuel vapor mass fraction and decreases
the convection zone temperature.

3. Mathematical model
The following main assumptions are used: (1) particle temperature and velocity same as gas, (2) burning on surface (heterogeneous) combustion is not possible, (3) constant properties,
(4) ideal gas law, (5) homogeneous ﬂame front, (6) mean molecular weight does not vary, (7) thermal conductivity of the mixture
is proportional to temperature (8) diffusion coefﬁcient is proportional to the temperature squared, (9) no radiation loss, (10)
vaporization modeled using a power law, and (11) one step
Arhenius gas phase reaction rate. The structure of the preheat
vaporization zone is determined from a balance between the
convective, diffusive, and vaporization terms in the conservation
equations. As shown in Fig. 2, vaporization of fuel particles can be
expected to go on in the convective zone where both gas phase
chemical reaction and vaporization of fuel particles is present. The
burning velocity is obtained by analyzing the reaction zone where
the convective and vaporization terms are small, compared with
diffusive and reactive terms. The combustion is modeled as a onestep overall reaction:
vF ½F þvO ½O-vprod ½P

ð1Þ

F, O and P denote the fuel, oxidizer, and products, respectively, and
vF,vO and vprod are their respective stoichiometric coefﬁcients. The
governing equations of mass, energy, and gaseous species can be
written as [18]:
Mass conservation:
ρu ¼ constant

ð2Þ

Energy conservation:
2

ρucp,mix

dT
d T
ρu
ρu
_ ″′
_ ″′
¼ λ 2 þw
Q −w
Q
F
v
dx
ρ
ρ v
dx

ð3Þ

It is assumed that the fuel particles vaporize to form a gaseous
fuel with known properties. cp,mix is the combined heat capacity of
the gas cp,g, and that of the particles cp,s. A procedure to estimate
its value experimentally has been discussed by Seshadri et al. [18].
2 n
_ ″′
The kinetics of vaporization are given by, w
v ¼ Ans 4πr T and the
″′
_
gas phase reaction rate is given by wF ¼ vF W F kC F . ns ¼number of
particles per unit volume, r ¼radius of fuel particle, and
T ¼temperature. A and n are constants, which can be obtained.
For example, the rate parameters characterizing the kinetics of
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vaporization of coal dust are calculated as A¼3.4  10−6 g/cm2-K/s
and n¼ 1.33, from the rate of volatilization of coal at T ¼1400 K,
reported by Coffee et al. [19]. Gas-phase fuel species conservation
is given by:
2

ρu

dY F
d YF
ρu
ρu
_ ″′
_ ″′
¼ ρu Du
þw
−w
F
v
dx
ρ
ρ
dx2

ð4Þ

where Du is the diffusivity assumed to be equal to λu =ðρu cp,g Þ(Lewis
number ¼ 1 is assumed).
Mass fraction, Y s of the particles is given by:
ρu

dY s
ρu
_ ″′
¼ −w
v
dx
ρ

ð5Þ

Boundary conditions for Eqs. (3)–(5) are:
Y F ¼ 0,T ¼ T u , and Y s ¼ Y Fu
at
x-−∞
and
Y F ¼ finite, T ¼ T b , at x-∞.
Tb, is the ﬁnal adiabatic temperature in the convective zone and
Y Fu ¼ 4πr 3u nu ρs =ð3ρu Þrepresents the mass fraction of fuel available
in the particles (subscript u, denotes conditions at ambient). In the
limit, Zeldovich number, Ze ¼ ðEðT f −T u ÞÞ=RT 2f -∞, an expression
for the laminar burning velocity is derived by Seshadri et al. [18]
as:


2νF λu Bð1=ZeÞ2
E
ð6Þ
SL 2 ¼
exp −
ρu cp,mix
RT f
Eq. (6) (depicted in Table 1) allows analysis of the controlling
parameters that govern ﬂame propagation in a uniform cloud of
volatile particles. Besides the initial particle radius and number
density or concentration, the kinetics of vaporization, thermal
conductivity, speciﬁc heat and initial temperature T u , also play an
important role in ﬂame propagation in a dust cloud (the sensitivity
of each of these parameters is discussed in Section 4.4).
The set of equations discussed in (1)–(6) is valid for scenario B
in Fig. 1 and can be applied to scenario A with suitable assumptions. However, the model is not suitable in the oxygen limited
cases CI and CII. We extend and validate the model to represent the
cases CI and CII where ϕg≥1 as shown in Fig. 1 by setting
νF ¼ νO ,B ¼ B=νO and T f ¼ T b and substituting in the equation for
SL (a list of model equations is provided in Table 1, row 2). The
“switch” between lean and rich conditions is based on the
adiabatic convection zone temperature (Tb). This is equal to the
value where the lean adiabatic ﬂame temperature (Tf) equals Tb
and is called Tn. Once oxygen becomes the limiting reactant the
ﬂame temperature is assumed to remain constant and therefore an
upper limit for calculating Tf is also imposed. The adiabatic
convection zone temperature (Tb) of a gas phase reaction is
calculated using an equilibrium solver based on minimizing free
energy (GASEQ) assuming the products of combustion are CO2,
H2O, CO, and excess fuel. The condense phase equivalence ratio
(ϕu), can be calculated using,


Y Fu
Y Fu
ϕu ¼
=
ð7Þ
Y air
Y air st
In the above equation, Y air represents the mass fraction of air.
The ratio ðY Fu =Y air Þst at stoichiometric conditions is estimated as:








Y Fu
mF =mtotal
mF
νF W F
¼
¼
¼
ð8Þ
Y air st
mair =mtotal st
mair st
νair W air st
Table 2
Property values for coal dust.
A
B
cp,s
E
λs

3.4  10−6 g/(cm2/s/K)
3.5  106 1/(mol/s)
1.357 cal/(g/K)
23  103 cal/mol
9.5  10−5 cal/(cm/s/K)

n
ρs
vF
vO

1.33 [–]
1 g/cm3
1[–]
2[–]

Q
WF
WO
rs

1.55  104 cal/g
16 g/mol
32 g/mol
10  10−6 m
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Fig. 4. Parametric study of model results (a) Tf versus φu for both lean and rich
conditions using models 1 and 2 listed in Table 1. (b) SL versus φu for both lean and
rich conditions using models 1 and 2 listed in Table 1.

Fig. 3. Model validation (a) Tf versus φu calculated in this work compared with
published results by Seshadri et al. [18]. (b) Comparison with experimental data for
gas–air mixtures (particle size was kept extremely small (~1 mm).

and
Y Fu ¼ 1−Y air

ð9Þ

therefore
ϕu ¼



Y Fu
νF W F −1
1−Y Fu νair W air st

ð10Þ

For simplicity in calculation, it is assumed that dust particles
volatize to form methane (CH4), which may be reasonable for coal
dust. The one-step reaction is
CH4 þ 2ðO2 þ 3:76N2 Þ-CO2 þ 2H2 O þ7:52N2

ð11Þ

giving ðνF W F =νair W air Þ−1
st ¼ 17:18, and by substituting into Eq. (10)
ϕu ¼ 17:18

Y Fu
1−Y Fu

ð12Þ

Other properties such as gas-phase reaction kinetic parameters
(B and E), condensed-phase vaporization kinetic parameters (A
and n), thermal conductivity, speciﬁc heat, and densities are
reported in Table 2 and are used to estimate the laminar burning
velocity for different concentrations of the dust–air mixture. The
next section discusses the results and their interpretation.

4. Results and discussion
4.1. Validation
The system of equations that represent each model (Table 1)
are solved using a non-linear least squares approach. Fig. 3a shows
the temperature of the reaction – zone (Tf) and convection – zone
(Tb) plotted as a function of ϕu. The data from Seshadri et al. [18] is

represented by triangular symbols showing the solution methodology used (Tb values and mathematical model) is correct. Fig. 3a
shows that Tf increases as ϕu increases up to an optimum condition
such that Tf ¼ Tb. When this condition is reached (marked as Tn in
Fig. 3a), the burning velocity is calculated using the equations
reported in the second row of Table 1. The reason that Tn decreases
with increasing particle size is because for the same concentration,
as particle diameter increases, its surface area decreases, thereby
reducing the fuel vaporization rate that ultimately inﬂuences the
energy production rate.
Further validation of the model is achieved by estimating the
behavior of a pure gas-air premixed ﬂame (no dust). This is
achieved by lessening the particle radius or by increasing the
vaporization parameters (A or n) to make the particles approach a
gas-air system (both options produce similar results). Fig. 3b
shows the calculated laminar burning velocity (SL) and ﬂame
temperature (Tf) compared to experimental data for a pure
methane-air ﬂame reported by Law [20] and Strehlow et al. [21].
The model shows good agreement with experiment data. It
predicts the laminar burning velocity (within 10%) and ﬂame
temperature (within 5%) of a methane-air gas ﬂame.
4.2. Oxygen limiting condition
Fig. 4a shows Tf as a function of ϕu for both lean and rich
conditions using the equations listed in Table 1. The effect of
particle size on Tf is also shown in this ﬁgure. Properties of coal
dust (reported in Table 2) are used in the analysis. As the particle
size is increased, from 10 μm to 50 μm, Tf reduces from a peak of
1700 K to 1500 K. The oxygen limited condition is analyzed by
switching the solution method to represent the fuel-rich condition
shown in Table 1, row 2 when Tf ¼ Tn is reached. Fig. 4b shows the
effect of ϕu on the laminar burning velocity (SL) for 10 μm, 20 μm,
and 50 μm coal particles. Note that the dust–air-ﬂame shows no
decay in velocity as ϕu increases in the range of equivalence ratios
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Fig. 5. Mass fraction of fuel vapor versus φu .

shown. In the fuel lean model, SL increases as ϕu increases mainly
due to the similar increase in Tf as discussed in Fig. 4a. For
example, at ϕu ¼1, the 10 μm particles have a value of SL which is
5 cm/s higher than the 50 μm particles and the velocity of the
10 μm particles increases (as a function of ϕu) at a rate 4 times
higher than the 50 μm particles. The increase of both the magnitude and the rate of change of SL is due to the higher surface area
to volume ratio available at the smaller particle sizes. In the
oxygen limited model (depicted by the gray shaded region in
Fig. 4a and b), SL remains almost constant for the larger particle
sizes (50 μm) and increases slightly for smaller particle sizes (10
and 20 μm). This behavior is further analyzed during comparison
with experimental data discussed later in Fig. 6.
Also shown in Fig. 4a is the inﬂuence of thermal lag which
causes the particle temperature to be slightly less than the gas
temperature. The dotted lines shown in Fig. 4a and b are calculated
using the model discussed by Bidabadi and Rahbari [22] who
incorporate the inﬂuence of heat losses due to in-depth conduction. Note that while the thermal lag has a signiﬁcant inﬂuence on
the ﬂame temperature, its effect on burning velocity is minimal.
This is explained by the trend of fuel vapor mass fraction (YFC)
shown in Fig. 5.
Fig. 5 shows the effect of ϕu on the fuel vapor mass fraction
(YFC) for 10 μm, 20 μm, 50 μm coal particles. In the fuel lean
condition (Tf o Tn) YFC increases as ϕu increases. This trend reverses
in the oxygen limiting condition. The decrease in the fuel vapor
mass fraction counteracts the increase in temperature, which is
why SL remains almost a constant in the oxygen limited region.
4.3. Comparison with experimental data
The model is compared with experiments involving dust–air
ﬂames performed in a constant volume (20 l) explosion spheres as
described in ASTM E1226 [23]. Cashdollar [24] obtained an
expression to obtain the burning velocity of a dust–air mixture
using the explosion sphere given by:
SL ¼

K st
4:84ððP max =P 0 Þ−1ÞP max

ð13Þ

where Pmax is the experimentally determined peak pressure
recorded in the constant volume explosion sphere. High accuracy
is not achieved using this method because of neglecting the igniter
effects and turbulence created during the initial mixing. However,
qualitative trends can be gained. Besides, burning velocity of a

Fig. 6. Comparison of model output with experimental data. (a) SL calculated using
model 1 and 2 compared with experimental data for coal (b) Normalized laminar
burning velocity SLN versus φu for Methane gas and model 1 using coal particles
ranging from 10 mm to 50 mm. SLN ¼ SL/SLmax.

Table 3
Laminar burning velocity for coal–dust–air ﬂames (coal dust concentration
¼200 g/m3).

This work
Strehlow et al. [21]
Burgoyne and Long [26]

SL (cm/s)

Particle size (lm)

12
14
9

10
40
11

ﬂammable spray, toxic gas mixture with unfavorable optical
properties or a dust–air ﬂame is difﬁcult to obtain using more
accurate methods such as counterﬂow burners and no experimental data currently exists [25]. Fig. 6a shows calculated burning
velocities for both lean and rich conditions, respectively. Also
shown is the experimental data for coal by Cashdollar [24] where
Eq. (13) is used in conjunction with Kst values obtained in the 20-l
explosion sphere.
Particle sizes used in the experiments performed by Cashdollar
[24] are not reported, but based on test protocol can be assumed to
be in the range of 10–100 μm with an average size of 70 μm. Both
gas and condensed phase properties of coal dust were obtained
from Seshadri et al. [18] and reported in Table 2. Fig. 6a shows that
the model results qualitatively match experimental data. As
mentioned earlier an exact match is not possible because of the
inaccuracies associated with both the measurement process
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Table 4
Input variables used in sensitivity analysis (Fig. 7).
ϕ
A
B
cp,g
cp,s
E
λu
λs
n
Q
ρu
ρs
ρg
Tu
R
vF
vO
Q
WF
WO
rs

1[−]
3.4  10−6 g/(cm2/s/K)
3.5  106 1/(mol/s)
0.24 cal/(g/K)
1.357 cal/(g/K)
23  103 cal/mol
3.5  10−4 cal/(cm/s/K)
9.5  10−5 cal/(cm/s/K)
1.33 [–]
0.05 [–]
1.77  103 g/cm3
1 g/cm3
ρu g/cm3
300 K
1.994 cal/(K/mol)
1[–]
2[–]
1.55  104 cal/g
16 g/mol
32 g/mol
10  10−6 m

Fig. 7. Sensitivity analysis of laminar burning velocity for lean and rich conditions.

(explosion sphere) and assumptions used in the model (one step
kinetics, constant property assumptions, no radiation losses etc.)
However, the model clearly captures the experimental trend. The
burning velocity increases initially and then levels off at higher
equivalence ratios. The switch between the lean and rich condition
using the adiabatic ﬂame temperature discussed earlier is necessary to model oxygen-limited conditions. As discussed earlier, SL
does not decay as ϕu increases in both the experiment and model
results which are in contrast to gas ﬂames which show distinct
ﬂammability limits.
Table 3 shows comparison of the model with experimental data
by Strehlow et al. [21] and Burgoyne and Long [26]. Reasonable
agreement is observed. Both experiments used a Bunsen-burner
type experimental set up obtaining burning velocity of a coal–
dust–air ﬂame using the cone-angle method, though only for
limited concentrations.
Fig. 6b shows the laminar burning velocity of a methane-air
ﬂame compared with a coal–dust–air ﬂame. The upper and lower
ﬂammability limits of a methane ﬂame are shown in sharp relief
compared with the ability of the dust ﬂame to propagate through
high concentrations of dust. As discussed by Eckhoff [1] and Ju
et al. [27], dust explosions can occur with concentrations over two
to four orders of magnitude at stoichiometric. From an industry
hazard perspective this means there is a wide range of dangerous
concentrations of dust which can cause an explosion.

4.4. Sensitivity analysis
Table 1 shows that the burning velocity of a premixed particleair ﬂame is controlled by several parameters such as vaporization
rate, particle size, number density etc. To explore the controlling
parameters, a sensitivity analysis is performed on the presented
models using Saltelli et al. [28]. A sensitivity parameter (Si) is
deﬁned as:
Si ¼

lnðy1,i Þ−lnðy0,i Þ
lnðx1,i Þ−lnðx0,i Þ

ð14Þ

where, x0 and x1 are the initial and ﬁnal values of the parameter to
be examined, and y0 and y1 are the corresponding model solutions
in burning velocity. The normalized sensitivity analysis value (SiN)
is calculated by dividing the calculated Si value by Si,max, representing the largest value calculated for the model. The normalized
sensitivity is used to distinguish the controlling parameters of the
fuel lean (scenario A or B shown in Fig. 1) and fuel rich models (CI
and CII scenarios shown in Fig. 1). The model representing each
and listed in Table 1 is tested using a constant set of parameters
listed in Table 4. Each parameter alters by 5% and the resulting
sensitivity is shown in Fig. 7.
Results show that in the scenarios representing ϕg o1 as
shown in (cf. Fig. 1, cases A and B) the exponent of the vaporization kinetic term (n) and convection zone temperature (Tb) are the
most dominant in determining the burning velocity. Thus, for
ϕg o1 the vaporization-rate is controlling the rate of the overall
combustion. In scenarios CI and CII, as shown in Fig. 7, the
activation energy of the gas-phase reaction (E) is the most
dominant followed by the frequency factor (B) and the heat of
the reaction (Q). This is because of the fact that when ϕg 41 the
system is oxygen controlled and, therefore the terms related to the
rate of the gas phase reaction are the controlling parameters. The
burning velocity is not sensitive to the equivalence ratio based on
the total condensed phase fuel in the ambient zone, ϕu in the
oxygen limited case. This is observed and discussed in Fig. 4b as
well. The particle size or particle radius is slightly more dominant
for the fuel lean case as shown in Fig. 7. On the other hand, the
thermal conductivity of the dust is more inﬂuential in the case of
an oxygen controlled ﬂame front. The inﬂuence of heat of
gasiﬁcation is incorporated using SL,q ¼ SL expð−qZe=2Þ where SL,q
is the burning calculated including the heat of gasiﬁcation (cf.
Seshadri et al. [18] for derivation) and q is the ratio of heat of
gasiﬁcation to heat of reaction (assumed to be small). It is
observed that q may have some inﬂuence on the burning velocity
in the lean case, but is not signiﬁcant in the rich case.

5. Conclusions
Modeling of premixed ﬂammable dust–air ﬂames is presented.
A model for predicting the burning behavior of high concentration
dust ﬂames is compared with experimental data showing reasonable agreement. The need for considering two equivalence ratios
in dust ﬂames is explained along with the use of the convection
zone temperature as the upper limit under certain conditions. A
sensitivity analysis performed in this study shows that when
ϕg o1 the burning velocity is mainly dependent on the vaporization of the fuel but when ϕg≥1 the gas phase reaction kinetics play
the most dominant role.
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