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Abstract−In the analytical model of iron dust cloud combustion presented in this article, by solving the 3D energy

equations, the gas temperature distribution in the channel and a new equation for flame speed are obtained. This equation

can determine the relationship between flame speed and particle radius and dust concentration. The equations are written

in two limiting cases: lean and rich mixtures. Flame structure consists of preheat, reaction, and post-flame zones for

the lean mixture and preheat and reaction zones for the rich mixture. Equations in both mixture conditions are solved

using the finite Fourier transform method. By solving the energy equations in each zone and matching the temperature

and heat flux at the interfacial boundaries, algebraic equations of flame speed are obtained. The obtained gas temperature

distribution in different flame zones in the channel and also flame speed changes in terms of particles’ radius, equivalence

ratio, and channel width in both lean and rich mixtures are presented in the results section.
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INTRODUCTION

The combustion of particles has been studied in many researches.

Premixed filtration combustion of micron and sub-micron particles

in the inert porous media has been analyzed theoretically [1]. Also,

recently, perfectly volatile particle triple flame has been studied theo-

retically [2]. A large number of accidental dust explosions have oc-

curred in industrial plants that have powder processing equipment,

because more than 70% of powders processed in industry are com-

bustible. Hence, it is crucial to learn as much as possible about the

explosion hazards of combustible powders. Many researchers have

conducted studies in this field and presented their results in publi-

cations [3-11]. In these studies, the focus is mostly on the charac-

teristics of dust explosions, such as the explosion pressure, rate of

pressure rise, minimum ignition energy, and explosion concentra-

tion limits. Indeed, these data are useful for assessment of explosion

hazards of combustible powders. However, not only the results of

these studies but also basic knowledge on fundamental phenomena

of flame propagation through a combustible particle cloud are neces-

sary in order to take appropriate measures against accidental dust

explosions. Therefore, it is indispensable to conduct fundamental

studies to explore the mechanisms of flame propagation through a

combustible particle cloud. Although there are a few fundamental

studies on the mechanisms of flame propagation through particle

clouds [12,13], the mechanisms of flame propagation through com-

bustible particle clouds are not clear yet. In particular, when consid-

ering metal particles the results are actually ambiguous, becausemetal

particles hardly vaporize and there is very little combustible vapor

in the gas phase.

Combustion of solid fuels suspended in gases is encountered in

a number of applications, such as burning of fossil fuels (e.g. coal),

safe handling of flammable dust in industrial settings, and solid-

fueled propulsion. Despite their practical importance, a theoretical

understanding of dust flames is in an underdeveloped state com-

pared to the well-established theory of homogeneous gas flames.

A comprehensive theory of dust combustion is complicated by the

enormous diversity of solid fuel properties, as well as the experi-

mental difficulty of creating well-characterized particulate suspen-

sions in the laboratory. The experimental difficulty in generating a

uniformlaminar dispersion of dust accounts for the scarcity of fun-

damental data on dust flame propagation (burning velocity, quench-

ing distance, flame thickness, etc.).

The structure of flames propagating through metal particle clouds

and the behavior of metal particles near the flames have been exam-

ined experimentally [14,15]. The velocity of particles at the leading

edge of combustion zone is nearly proportional to the flame veloc-

ity. As the particle diameter becomes larger, the burn-out time be-

comes much larger than that predicted by the simple analysis.

In another study, the temperature profile across the combustion

zone propagating through an iron particle cloud was measured exper-

imentally by a thermocouple to elucidate the propagation mecha-

nism [16]. At the leading edge of the combustion zone, the tem-

perature is about . Near the end of the combustion zone the temper-

ature reaches its maximum value and then decreases. As the iron

particle concentration increases, the maximum temperature increases

at lower concentration, takes a maximum value, and then decreases

at higher concentration. It was found that the propagation velocity

has a linear relationship with the maximum temperature.

This result suggests that the conductive heat transfer is dominant

in the propagation process of the combustion zone through an iron

particle cloud.
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The number density profile of particles across a flame propagat-

ing through an iron particle cloud has been examined experimen-

tally [17]. The increase in the number density of particles just ahead

of the flame will appear not only in iron particle cloud but also in

any two-phase combustion systems, such as combustible particle

cloud, combustible spray and so on.

Behaviors of particles across upward and downward flame prop-

agating through iron particle clouds have been recorded on photo-

micrographs by using a high-speed video camera with a microscopic

optical system [18]. For upward propagating flame, the maximum

value of the number density is about 3.5 times larger than that at

the region far ahead of the flame (x>10.0 mm) however, for down-

ward propagating flame, it is only 2.3 times larger than that at the

region far ahead of the flame.

Beach et al. [19] presented a model for calculating of burning

time of various type of iron nano-particles suspended in air. Clus-

ters containing iron nano-particles (~50 nm in diameter) were found

to combust entirely in the solid state due to the high surface to-volume

ratio typical of nano-particles. Optical temperature measurements

indicated that combustion was rapid (~500 ms) and occurred at rela-

tively low peak combustion temperatures (1,000-1,200 K). Combus-

tion produces a mixture of Fe(III) oxides. X-ray diffraction and grav-

imetric analysis indicated that combustion was nearly complete (93-

95% oxidation). Oxide nano-particles could be readily reduced at

temperatures between 673 K and 773 K using hydrogen at 1 atm

pressure, and then passivated by the growth of a thin oxide layer.

Performing experiments in a reduced gravity environment can

largely eliminate particle sedimentation. The low gravity environ-

ment also diminishes buoyancy-induced convectiveflows, permit-

ting very low flame speeds to be observed in suspensions of large

particles and slow-burning, nonvolatile fuels. This clear rationale

for reduced gravity-based studies of dust flames motivated drop

tower experimentation as far back as the 1970s with the work of

Ballal [20]. More recently, Dreizen and Hoffmann [9,21] have stud-

ied the structure of dust flames in magnesium and aluminum alloy

suspensions in a 2.2 sec drop tower. Goroshin, Bidabadi and Lee

have obtained quenching distance measurements for two different

sizes of aluminum dust in parabolic flight experiments [22].

Most manufacturing units that process nano-particles face a threat-

from fires and explosions. A study examined Ti powders with diame-

ters of 3µm, 8µm, 20µm, 45µm, 35 nm, 75 nm, and 100 nm, and

Fe powders with diameters of 150µm, 15 nm, 35 nm, and 65 nm

[23]. According to the data obtained from the experimental results,

the MIEs (minimum ignition energies) for all the nano-powders

were less than 1 mJ; the low MIEs of those powders indicated that

they are extremely combustible.

Goroshin et al. set up a new experimental apparatus and obtained

flame speed and quenching distance measurements of iron dust sus-

pensions in air for a wide range of particle size [24]. Laminar flames

propagating in fuel-rich suspensions of iron dust in air were stud-

ied in a reduced-gravity environment provided by a parabolic flight

aircraft. Equilibrium thermodynamic calculations predict a stoichi-

ometric adiabatic flame temperature in air of 2,230 K (well below

the boiling point of iron at 3,130 K), with the products being con-

densed phase (liquid) Fe
3O4 (83%) and FeO (17%).

In the present study, the iron dust cloud is analyzed as a three-

dimensional model. So far, any analytical model has not been pre-

sented for an iron dust cloud, and thus our model has novelty in

this field. We follow the work of Goroshin et al. [22] and try to solve

partial differential equations (PDEs) under two lean and rich mix-

ture conditions. This study takes the initiative in presenting and ana-

lytical 3D model of iron dust cloud combustion in a rectangular long

channel. Here, heat loss terms to wall are obtained by [−λ(∂T/∂y)

and −λ(∂T/∂z)], as the boundary conditions.

MATHEMATICAL MODELING

In the combustion phenomena, there are several parameters and

different terms that clearly influence the combustion process. Com-

bustion usually is modeled by differential equations. The main stage in

modeling of combustion is to introduce the proper equations that de-

scribe the process appropriately. Because of non-linear nature of radia-

tion, radiative heat transfer is neglected for simplicity. Owing to the

high temperature of flame zone and post-flame zone, radiation emits

from these zones to the lower temperature preheat zone, we assume

that radiation is absorbed almost entirely by the channel walls [22].

The analytical model described below is based on a 3D approxi-

mation of the flame with conductive heat losses. The main assump-

tions and approximations are [22] (a) the dust cloud consists of a

mixture of gaseous oxidizer and uniformly distributed, equal-sized

iron particles, (b) the gravitational effects are neglected, because

Goroshin et al., investigated that gravity has no significant effect

on the combustion of the iron dust cloud, (c) the particle velocity is

equal to the gas velocity in the laminar, steady and uniform flow,

and (d) the Biot number for the particle is very small, which implies

that the temperature of each particle is uniform, and there is no dis-

tribution of temperature within each particle.

1. Combustion of a Single Iron Particle

The combustion mechanism of solid iron burning in pure oxy-

gen has been studied [25]. They proposed a model of the iron oxida-

tion process at combustion. The oxidation process consists of the

following three steps:

1. A reaction at the oxygen-oxide boundary, which consists of

the following elementary steps:

1-a) Oxygen molecules are physically adsorbed on the oxide surface.

1-b) Physically adsorbed oxygen molecules dissociate and the

oxygen atoms are chemically adsorbed on particular sites on the

oxide surface.

1-c) The chemically adsorbed oxygen atoms are incorporated in

the oxide.

2. The diffusion of oxygen ions through the oxide layer.

3. The reaction at the metal-oxide boundary.

Among the above three steps, step (1) is much slower than the other

steps.

In their model, an oxygen consumption rate  is used to express

the oxidation reaction rate of iron [15].

(1)

where Ω, β, and γ are constants. TO is the temperature of oxygen,

PO is the pressure of oxygen. Ru is the universal gas constant, Ea is

the activation energy of step (1), and  is mass consumption rate

of oxygen for per unit area at molten oxide surface.

According to their model and experimental results of other stud-

m· O

m· O = Ω
 

PO

β
TO

γ − 

Ea

RuT
---------

⎝ ⎠
⎛ ⎞exp

m· O
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ies, the combustion model of an individual iron particle can be illus-

trated as Fig. 1.

The kinetic equation for the heat balance of a particle can be writ-

ten in the form [19]

(2)

where ρs is the specific density of iron; q is the heat of combustion;

Vs is the volume of the particle; As is the particle surface area; Tb is the

combustion temperature; Ta is the air temperature; σ is Boltzmann’s

constant; ε is the emissivity; f is a geometric factor determined by

the shape of the cluster (pellet or sphere); and  is a convective heat

transfer coefficient (  is proportional to the air pressure, Pa

0.8

).

Disregarding the change of nanoparticle size that occurs in the

process of combustion (effectively holding As constant), integra-

tion of Eq. (2) yields the following formula for the combustion time

(τc) of a single nanoparticle based on heat balance

(3)

where r is the nanoparticle radius. Results obtained from Eq. (3)

lead to the same conclusions concerning the combustion time, τc,

dependence on r, Tb, Ta, and  as those obtained from chemical ki-

netics where the kinetic equation for the reaction assumes the form

(4)

where K is the effective rate of reaction; and CO2
 is the mass con-

centration of oxygen in the air. Applying the ideal gas equation to

determine CO2
 and the Arrhenius formula to determine K and inte-

grating Eq. (4), we obtain an expression for the combustion time of

a single nanoparticle based on chemical kinetics [19]:

(5)

where Ru is the universal gas constant; Ea is the activation energy

for oxidation; Pa is air pressure; and Π and δ are constants from the

Arrhenius equation for oxidation. Eqs. (3) and (5) describe differ-

ent processes that take place in nanoparticle combustion.

Toobtain a quantitative understanding of cluster combustion, equa-

tions for the combustion of spherical clusters based on heat flow

were derived using a method similar to Eq. (3):

(6)

The average convective heat transfer coefficient around iron parti-

cles can be calculated from the Whitaker correlation [26]:

(7)

that

0.71<Pr<380

3.5<Red<7.6×104

1<(µ/µs)<3.2 (8)

where k is the conductive heat transfer coefficient, d is the diameter

of the iron particle,  is the Nusselt number, Red is the Reynolds

number on the basis of diameter of particle, Pr is the Prandtl num-

ber of surrounding air, µ is the dynamic viscosity of the air at the

bulk temperature of the air, and µs is the dynamic viscosity of the

air at the surface temperature of the iron particle. The three condi-

tions mentioned above specify valid ranges for parameters in which

the formula is applicable.

The criterion used for determining the type of the mixture is the

equivalence ratio. The equivalence ratio, φ, is commonly used to

indicate quantitatively whether a fuel-oxidizer mixture is rich, lean

or stoichiometric. The equivalence ratio is defined as, φ=B/Bst, where

B is the dust concentration and Bst is the stoichiometric concentra-

tion of mixture. The dust concentration, B, equals the total mass of

suspended particles per unit volume of space in which particles are

dispersed. The stoichiometric concentration of iron dust cloud is

Bst≅0.9 kg/m3 [16]. If the iron dust concentration is less than 0.9

kg/m3 the mixture is fuel-lean, if the iron dust concentration is more

than 0.9 kg/m3 the mixture is fuel-rich, and if the iron dust concen-

tration is equal to 0.9 kg/m3 the mixture is stoichiometric.

2. Dust Flame in a Lean Mixture

In the previous study of dust cloud combustion [22], the 1D flame

with fuel-lean mixture was assumed to consist of three zones: pre-

heat, flame, and post-flame regimes, as depicted in Fig. 2.

The reaction rate in the preheat zone (zone 1, −∞<x<0) is negligi-

bly small and the gas is heated by conduction from the flame zone.

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 transient period from ignition to a stable

diffusive combustion is much less than the total combustion time

τc [22]. In the flame zone, particles are ignited and totally consumed

(zone 2, 0<x<vuτc). When combustion is completed, the gas tem-

perature gradually returns to the initial value Tu because of heat loss

in the post-flame zone (zone 3, vuτc<x<+∞).

Because of the excess of oxygen in a lean mixture and the weak

dependence of oxygen diffusivity on ambient gas temperature, the

total particle burning time in a flame front is close to the burning

time of a single particle τc [22]. Thus, using the average burning rate

of aluminum particle (ms/τc), the heat source term can be written

q + ρs

d

dt
----Vs = As σεf Tb

4

 − Ta

4( ) + h Tb − Ta( )[ ]

h

h

τc = 

ρsrQ

3 σεf Tb

4

 − Ta

4( ) + h Tb − Ta( )[ ]
----------------------------------------------------------------

h

ρs

d

dt
----Vs = AsKCO2

2/3( )

τc = 

0.825ρsr RTa( )0.66 − 

Ea

RuTb

-----------
⎝ ⎠
⎛ ⎞exp

Pa

0.66

TbΠ
 δ

----------------------------------------------------------------------

τcsph
 = 

0.182ρsrQ

σεf Tb

4

 − Ta

4( ) + h Tb − Ta( )
---------------------------------------------------------

h = Nud

k

d
---

Nud = 2 + 0.4Red

1/2

 + 0.06Red

2/3( )Pr
0.4

µ/µs( )1/4

Nud

Fig. 1. Model of single iron particle combustion.
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for the flame zone as follows [22]:

(9)

where Q is the heat of reaction per unit mass of fuel. Goroshin et

al. [22] (see other examples [27]) also assumed that the particle tem-

perature at the moment of ignition (x=0) is close to the auto ignition

temperature of a single particle Tsi (the ignition temperature in a gas

media of constant temperature) and can be found from the equa-

tion describing inert particle heating in the preheat zone:

(10)

The gas phase governing equations for mass and energy conserva-

tion in 1D approximation can be written as follows:

ρv=ρ
u
v
u

(11)

(12)

where ρ, v, and T are gas density, velocity, and temperature, respec-

tively. vu stands for the flame speed, cp for the specific heat capacity

of gas at constant pressure, cs for the specific heat of particle, Wf

for the reaction rate characterizing consumption of fuel, r for the

particle radius, and Ts for the particle temperature. Index si shows

solid particle at the beginning of burning. The third term at the right-

hand side of Eq. (12) indicates that the heat loss to the wall is linearly

proportional to the temperature difference between the gas and the

wall. By solving the energy equation in each zone and matching

the temperature and heat flux at the interfacial boundaries, an alge-

braic equation for the flame speed in a fuel-lean mixture can be found.

With this assumption, Goroshin et al. [22] could measure quench-

ing distance, lean flammability limit, and flame speed, but their results

did not correspond to the experimental data.

Following the previous 1D works [22,27] andin order to obtain

flame speed and temperature distributions, in the present study the

flame structure is divided into the three preheat, flame, and post-

flame zones. The schematic representation of this structure is in Fig.

3. The x axis in the figure has the opposite direction as that of flame’s

movement in the channel. Indeed, the coordinate is set on the flame

front and the x-direction is toward the right while the flame propa-

gates toward the left. The y axis shows the width of the channel,

and the axis displays the depth of the channel.

By solving the PDEs of energy in the 3D condition and by using

the finite Fourier transform method [28] in all the three zones and

satisfying the boundary conditions, we can find an algebraic equa-

tion for the flame speed as a function of equivalence ratio. We can

also find the lean flammability limit and gas phase temperature distri-

bution. The experimental data show that the quenching plate tem-

perature does not exceed, and is almost equal to, that of the initial

or the unburned mixture temperature [20]. Therefore, this tempera-

ture is assumed to be constant (T=Tu). The thermal conductivity of

gas, λ, which usually varies with temperature, is taken to be con-

stant for the sake of simplicity [29,30]. With these assumptions, the

gas phase governing heat diffusivity equation and the boundary con-

ditions for the problem illustrated in Fig. 3 can be obtained.

Preheat Zone

(13)

Flame Zone

(14)

Post Flame Zone

(15)

The parameters, θ, s, R, φ in the above equations are defined as

(16)

Boundary conditions

(17)

By solving the above equations the following solutions are obtained:

(18)

Wf = 
Bu

τc

-----Q

vumscs

dTs

dx
-------- = 

λu

r
----- 4πr

2( ) Ts − T( )

vuρucp

dT

dx
------ = λu

d
2

T

dx
2

-------- + Wf

ρu

ρ
----- − κ

ρu

ρ
----- T − Tu( )

∂2

θ1

∂x
2

--------- + 

∂2

θ1

∂y
2

--------- + 
∂2

θ1

∂z
2

--------- − 2s
∂θ1

∂x
------- = 0

∂2

θ2

∂x
2

--------- + 

∂2

θ2

∂y
2

--------- + 
∂2

θ2

∂z
2

--------- − 2s
∂θ2

∂x
------- = − Rφ

∂2

θ3

∂x
2

--------- + 

∂2

θ3

∂y
2

--------- + 
∂2

θ3

∂z
2

--------- − 2s
∂θ3

∂x
------- = 0

θ = T − Tu, s = 
ρuvucp

2λ
--------------, R = 

BstQ

λτc

----------, φ  = 
B

Bst

------

θ1 − ∞ y z, ,( ) = 0, θ1 x 0 z, ,( ) = 0, θ1 x a z, ,( ) = 0

θ1 x y 0, ,( ) = 0, θ1 x y b, ,( ) = 0, θ1 0
−

y z, ,( ) = θ2 0
+

y z, ,( )
∂θ1

∂x
------- 0

−

y z, ,( ) = 
∂θ2

∂x
------- 0

+

y z, ,( ), θ2 x 0 z, ,( ) = 0

θ2 x a z, ,( ) = 0, θ2 x y 0, ,( ) = 0, θ2 x y b, ,( ) = 0

θ2 vuτc y z, ,( ) = θ3 vuτc y z, ,( ),
∂θ2

∂x
------- vuτc y z, ,( ) = 

∂θ3

∂x
------- vuτc y z, ,( )

θ3 x 0 z, ,( ) = 0, θ3 x a z, ,( ) = 0, θ3 x y 0, ,( ) = 0

θ3 x y b, ,( ) = 0, θ3 + ∞ a z, ,( ) = 0

θ1 x y z, ,( ) = 
4

ab
-----
⎝ ⎠
⎛ ⎞ Amn s + s

2

 + µm

2

 + λn

2( )( )x[ ]exp{
n=1

∞

∑
m=1

∞

∑

× µmy( ) λnz( )sin×sin }

Fig. 2. 1D flame structure in the fuel-lean mixture.

Fig. 3. The schematic diagram of combustion in a channel with the
constant surface temperature under fuel-lean mixture.



Analytical investigation of temperature distribution and flame speed across the combustion zones of an iron dust cloud 1029

Korean J. Chem. Eng.(Vol. 29, No. 8)

(19)

(20)

where

To find parameters Amn, Bmn, Cmn, and Dmn, we use boundary condi-

tions described in Eq. (17), which are in the interfacial boundaries

of the three zones:

(21)

(22)

(23)

(24)

The heat transfer between each particle and surrounding gas is given

by [29,30]:

(25)

Where the Nusselt number is taken as a constant equal to 2. Since

the relative velocity between the each particle and ambient gas is

assumed zero and the slip velocity is not considered in the model-

ing, therefore, it is assumed that each particle is suspended in the

quiescent gaseous medium. It means that the Reynolds number for

the flow around the spherical particles is zero (R=0). In this case,

we have Nu=2. Assumingthat each spherical iron particle is immersed

in an infinite stagnant fluid, the analytical solution for steady-state

conduction is possible and result is expressed in the form Nu=2

[26].

The energy conservation equation for the solid phase is [22,27,

29,30]

(26)

where

(27)

Boundary condition for Eq. (26),

θs (−∞, y, z)=0 (28)

By solving Eq. (26) and using the boundary condition (28), the solid

phase temperature of the fuel-lean mixture is obtained as

(29)

Also, since the particle temperature in x=0 equals the ignition tem-

perature, Tsi, we have

(30)

where

θsi=Tsi−Tu (31)

θsi is expanded as

(32)

where (utilizing the orthogonality of functions [28]),

(33)

θ2 x y z, ,( ) = 

4

ab
-----
⎝ ⎠
⎛ ⎞

×

Bnm s + s
2

 + µm

2

 + λn

2( )( )x[ ]exp

+ Cmn s − s
2

 + µm

2

 + λn

2( )( )x[ ]exp

+ 

−1( )m+n+2

 + −1( )m+1+ −1( )n+1+1( )abRφ

mnπ
2

µm

2

 + λn

2( )
---------------------------------------------------------------------------------------

⎩
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎧

n=1

∞

∑
m=1

∞

∑

× µmy( ) λnz( )sin×sin }

θ3 x y z, ,( ) = 
4

ab
-----
⎝ ⎠
⎛ ⎞ Dmn s − s

2

 + µm

2

 + λn

2( )( )x[ ]exp{
n=1

∞

∑
m=1

∞

∑

× µmy( ) λnz( )sin×sin }

µm = 

mπ

a
--------, λn = 

nπ

b
------

Amn = 

−1( )m+n+2

 + −1( )m+1+ −1( )n+1+1( )abRφ

×

s − s
2

 + µm

2

 + λn

2( )( )

− 

s + s
2

 + µm

2

 + λn

2( )( )

× s + s
2

 + µm

2

 + λn

2( )( ) vuτc( )[ ]exp⎝ ⎠
⎜ ⎟
⎜ ⎟
⎛ ⎞

+ 

2 s
2

 + µm

2

 + λn

2( )

× s + s
2

 + µm

2

 + λn

2( )( ) vuτc( )[ ]exp⎝ ⎠
⎜ ⎟
⎜ ⎟
⎛ ⎞

⎩ ⎭
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎨ ⎬
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎧ ⎫

2mnπ
2

µm

2

 + λn

2( )

s
2

 + µm

2

 + λn

2( )

× s + s
2

 + µm

2

 + λn

2( )( ) vuτc( )[ ]exp

---------------------------------------------------------------------------------------------------------

Bmn = 

−1( )m+n+2

 + −1( )m+1+ −1( )n+1+1( )abRφ s − s
2

 + µm

2

 + λn

2( )( )

2mnπ
2

µm

2

 + λn

2( ) s
2

 + µm

2

 + λn

2( ) s + s
2

 + µm

2

 + λn

2( )( ) vuτc( )[ ]exp

----------------------------------------------------------------------------------------------------------------------------------------------

Cmn = 

−1( )m+n+3

 + −1( )m+2

 + −1( )n+2

 −1( )abRφ s + s
2

 + µm

2

 + λn

2( )( )

2mnπ
2

µm

2

 + λn

2( ) s
2

 + µm

2

 + λn

2( )
--------------------------------------------------------------------------------------------------------------------------------------

Dmn = 

−1( )m+n+2

 + −1( )m+1+ −1( )n+1+1( )abRφ

×

s − s
2

 + µm

2

 + λn

2( )( )

− 

s + s
2

 + µm

2

 + λn

2( )( )

× s − s
2

 + µm

2

 + λn

2( )( ) vuτc( )[ ]exp⎝ ⎠
⎜ ⎟
⎜ ⎟
⎛ ⎞

+ 2 s
2
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In addition (Eqs. (30) and (32)),

(34)

By equating the above two equations (Eqs. (33) and (34)) and after

simplifying them, the key equation of flame speed as a function of

equivalence ratio is obtained for the 3D condition, which is accu-

rate for each quantity of m and n.

(35)

3. Dust Flame in a Rich Mixture

The schematic representation of Goroshin et al.’s speculation of

the flame structure in a rich dust mixture [22] is presented in Fig.

4. Goroshin and his associates [22] believed that the combustion

time of the particle burning in the diffusive regime tended to infinity

in stoichiometric or fuel-rich mixtures (φ≥1. However, they posited

that following the depletion of oxygen, the post-ignition particle

burning rate decreases very quickly and gets nearly on the point of

0 at a finite distance from the ignition point. They also assumed

the particle radius to be constant and considered the particle burn-

ing rate to decrease only as a result of local oxygen concentration

changes. In accordance with this assumption, the coefficient Wf in

the heat source term in Eq. (12) was written as [22],

(36)

where  is the initial oxygen concentration and τc is the combus-

tion time of an individual particle, which is assumed to have a weak

dependence on temperature, and CO2
(x) is the local molar oxygen

concentration. The analytical model described below is based on a

3D approximation of the flame with conductive heat losses. To satisfy

the energy balance equation, written below, we consider the specific

heat to be the sum of the specific heats of the condensed phase and

gas [22,31]:

(37)

The oxygen conservation equation can be written as [22],

(38)

where Γ is the reaction stoichiometric coefficient. The reaction zone

is presumed to be located at x=0. In this section, in order to obtain

flame speed and temperature distribution in fuel-rich mixtures, the

flame structure is divided into preheat and flame zones, the sche-

matic representation of which is presented in Fig. 5. By solving the

partial differential energy equations in the 3D condition using a finite

Fourier transform method [28] in both the zones and satisfying the

boundary conditions, the algebraic equation for flame speed as a

function of equivalence ratio under the fuel-rich mixture condition

is obtained.

It is assumed that the coordinate origin is at the bottom corner of

the channel cross section at the middle plane, the x axis is towards

the flow direction and the y axis is towards the channel width di-

rection, and the z axis is towards of channel depth direction. With

these assumptions, the governing heat diffusivity equations and the

boundary conditions for the problem illustrated in Fig. 5 can be ob-

tained.

Preheat Zone

(39)

Flame Zone

(40)

The parameters θ, A, A', M1, M2 and F in equations are defined as

(41)

Boundary conditions

(42)
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Fig. 4. 1D flame structure in the fuel-rich mixture.

Fig. 5. The schematic diagram of combustion in a channel with the
constant surface temperature under fuel-rich mixture.
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For oxygen conservation equations we have

Preheat Zone

(43)

Flame Zone

(44)

where

(45)

By solving the above energy equations the following solutions are

obtained:

(46)

(47)

where

(48)

Coefficients Amn and Bmn are obtained by means of matching the

temperature and heat flux at the interfacial boundary between two

zones.

(49)

(50)

Eq. (26) with the boundary condition (28) for the solid phase is ap-

plicable here [22], and by solving the equation and employing the

boundary condition, the solid phase temperature for the fuel-rich

mixture is obtained as

(51)

Also, as in x=0, the particle temperature is equal to the ignition tem-

perature, Tsi, then we have

(52)

θsi can be expanded in this way

(53)

where

θsi=Tsi−Tu (54)

utilizing the orthogonality of functions [28]

(55)

In addition, based on the above two equations (Eqs. (53) and (54))

(56)

By equating Eqs. (55) and (56) and after simplifying them, the flame

speed key relation as a function of equivalence ratio for the 2D con-

dition is obtained as

(57)

This relation is relevant to all the m and n values defined above.

RESULTS AND DISCUSSION

In contrast to gaseous flames that are modeled as a continuum,

heterogeneous dust flames consist of individual burning particles

that might be at much higher temperature than the surrounding gas.

However, if the nondimensional parameter χ=τcα/l2 (representing

the ratio of particle combustion time to inter-particle heat diffusion

time, where l is the inter particle spacing and α the thermal diffusivity)

is large compared to unity, then a dust flame can still be appropri-

ately modeled as a continuum in which the heat release function is

spatially uniform [24]. Estimations for relatively slow burning iron

show that this parameter is larger than 5 for fuel-rich mixtures, mean-

ing the ‘‘classical"continuum approach to modeling the dust flame

structure can be used. The model assumes mechanical equilibra-

tion between the particles and the gas (no slip), and the particles

are assumed to burn in the diffusive regime after ignition, with the

burning rate proportional to the local oxygen concentration. Subse-

quent quenching of particles due to local oxygen depletion is neg-

lected. The calculated temperature of the gas at the moment of igni-

tion takes into account the dependence of particle ignition tempera-

ture on local oxygen concentration as well as the thermal inertia of

the particles in the preheat zone. Heat losses to the walls are assumed

to be due to molecular heat diffusivity only and are written in volu-

metric form. The flame speed is then determined by matching the

solution for thermal and oxygen flux at the boundary between the

preheat and combustion zones. Over the fuel equivalence ratio range
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of φ =1.4−1.9, the adiabatic flame temperature, by the THERMO

thermodynamic equilibrium code, is predicted to be Taf=1,810−1,990

K.

The summary of the thermophysical properties used in the cal-

culations and illustrations is listed in Table 1. Figs. 6 to 8 are related

to the gas temperature distribution in three preheat, flame, and post-

flame zones for the fuel-lean mixture, which are obtained from Eqs.

(18) to (20) in the 3D condition. These figures efficiently display

the temperature changes in all three zones. The temperature in the

middle line of the channel is in accordance with the temperature

curves of the experimental models [16]. Heat losses on the channel

surface can be obtained using the equation [−λ(∂T/∂y) and −λ(∂T/

∂z)]. 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 temperature change is smaller than the other

two lateral zones. In the post-flame zone, the temperature decreases

finally down to the initial temperature. With the assumption that the

particles are uniformly distributed, temperature profiles are in sym-

metric relation to the channel center. Temperature distribution for

the combustion of iron particles with the diameter of dp=10µm in

Table 1. Summary of the thermophysical properties used in the calculations

Property Symbol Value Unit Ref.

Density of atmospheric air at 300 K ρu 1.1614 kg/m3 34

Density of flame at 1,500 K ρf 0.2322 kg/m3 34

Density of iron at 300 K ρs 7860 kg/m3 35

Specific heat capacity of atmospheric air at 300 K cp 1007 J/(kg·K) 34

Specific heat capacity of iron at 300 K cs 452.38 J/(kg·K) 35

Thermal conductivity of atmospheric air at 300 K λ 26.3×10−3 (W/m·K) 34

Heat of combustion of iron Q 6540 kJ/kg 36

Stoichiometric concentration of iron dust cloud Bst 0.9 kg/m3 16

Total combustion time of a single iron particle with the diameter of 10 micron τc 0.02 s 19

Initial temperature of unburned mixture Tu 300 K 16

Ignition temperature of iron particle Tsi 900 K 24

Flame speed in the fuel-lean mixture vu 0.12 m/s 16

Flame speed in the fuel-rich mixture vu 0.21 m/s 16

Width of the channel’s cross section a 0.1 m -

Height of the channel’s cross section b 0.05 m -

Mass concentration of oxygen in the unburned air CO2
0.271 kg/m3 35

Mass diffusivity of unburned mixture into the flame Du 15.2×10−5 m2/s 35

Ratio of mass stoichiometric coefficient of iron to air Γ 3.49 - 36

Fig. 8. Temperature profile of the fuel-lean mixture in the post-
flame zone in 3D condition (v

u
τ
c
<x<+∞) at the middle plane

of the channel in the z-direction (z=b/2).

Fig. 6. Temperature profile of the fuel-lean mixture in the preheat
zone in 3D condition (−∞<x<0) at the middle plane of the
channel in the z-direction (z=b/2).

Fig. 7. Temperature profile of the fuel-lean mixture in the flame
zone in 3D condition (0<x<v

u
τ
c
) at the middle plane of the

channel in the z-direction (z=b/2).
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the air and the equivalence ratio φ =0.6 is obtained. Channel width

is 10 cm, channel height is 5 cm, and the surface temperature of

the channel (in y=0, y=0.1, z=0, z=0.05 m) is equal to the sur-

rounding temperature, as it had been assumed T=Tu.

Fig. 9 indicates the calculated 3D laminar flame speed as a func-

tion of particle radius for iron-air mixture under fuel-lean conditions

(channel width is 10 cm, channel height is 5 cm). The flame speeds

increase as particle size decreases [29,30].

Fig. 10 demonstrates the key relation of flame speed in terms of

dust concentration for fuel-lean mixture. There is a reasonable agree-

ment between our 3D model and published experimental data [18],

a finding that can indicate the effect of 3D solution. In this figure,

channel width is 10 cm, channel height is 5 cm and particle diame-

ter is dp=10µm. In this figure, a lean limit of about 0.02 kg/m3 has

been obtained. There is a reasonable agreement between the ana-

lytical flame speed results of this study and the experimental results.

As can be seen, the 3D model determinesthe lean limit for a higher

dust concentration, and the flame speed it shows is lower than the

1D flame speed, i.e., the linear assumption of heat loss term to wall

is not much appropriate for the 1D model [20].

Figs. 11 and 12, which are related to the temperature distribution

in preheat and flame zones in the fuel-rich mixture, are plotted using

Eqs. (48) and (49). These figures illustrate temperature changes in

both the zones. In the preheat zone, the particles are heated by the

surrounding gas to reach the auto-ignition state. In the flame zone,

the temperature decreases finally down to the initial temperature.

With the assumption that the particles are uniformly distributed and

boundary conditions on the periphery of channel are identical, tem-

perature profiles are in symmetric relation to the center axis of the

channel. Temperature distribution for the combustion of iron parti-

cles with the diameter of d
p=10µm in the air, and the equivalence

ratio φ =1.9 is obtained.

Fig. 13 shows the variation of oxygen concentration across the

two zones of combustion in the fuel-rich condition of mixture, which

can be derived from Eqs. (43) and (44). The significant relation-

ship of flame speed regarding dust concentration for fuel-rich mix-

ture is sketched in Fig. 14. The flame speed gradually decreases by

increasing dust concentration. It is discerned that the 3D new model

has proper agreement to the experimental results [24], a finding that

Fig. 9. Flame speed as a function of particle radius in mixture of
iron particle dust and air at a fuel-lean condition of φ=0.6.

Fig. 10. Flame speed as a function of dust concentration at a fuel-
lean mixture.

Fig. 12. Temperature profile of the fuel-rich mixture in the flame
zone in 3D condition (0<x<+∞) at the middle plane of the
channel in the z-direction (z=b/2).

Fig. 11. Temperature profile of the fuel-rich mixture in the pre-
heat zone in 3D condition (−∞<x<0) at the middle plane
of the channel in the z-direction (z=b/2).
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can indicate the influence of 3D solution. In this figure, channel

width is 10 cm, channel height is 5 cm and particle diameter is dp=

10µm. There is a reasonable agreement between the analytical flame

speed results of this studyand the experimental results. Fig. 15 in-

dicates the calculated 3D laminar flame speed as a function of particle

radius for iron-air mixtures under fuel-rich conditions (channel width

is 10 cm, channel height is 5 cm). The flame speed increases with

increasing particle size in the fuel-rich mixture. Based on the as-

sumptions of this study, the flame speed increases gradually with

the increase of equivalence ratio in fuel-lean mixture [13]. The varia-

tion of flame temperature as a function of dust concentration at fuel-

lean mixture is shown in Fig. 16, from which we can see that there

is a reasonable consistency between the experimental result and pre-

sented analytical result. The dependency of flame temperature on

the dust concentration at fuel-rich mixture is presented in Fig. 17.

The variation of flame speed versus channel width at fuel-lean mix-

Fig. 13. Variation of oxygen concentration along the flame at a fuel-
rich condition of φ=1.9.

Fig. 14. Flame speed as a function of dust concentration at a fuel-
rich mixture. Fig. 16. Flame temperature as a function of dust concentration at

a fuel-lean mixture.

Fig. 15. Flame speed as a function of particle radius of iron parti-
cle dust and air at a fuel-rich condition of φ=1.9.

Fig. 17. Flame temperature as a function of dust concentration at
a fuel-rich mixture.
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ture is plotted in Fig. 18. As depicted there, the flame speed decreases

with the increase in channel width. Fig. 19 shows the temperature

profile across the channel in the fuel-rich mixture. In general, it is

deduced that the tendency of results of the presented analytical mod-

eling (3D) is comparable to the experimental results [16,17,24]. More-

over, results of this study are similar to those of the latest studies in

the field of combustion of metallic dust clouds [32,33]. This find-

ing indicates the effect of 3D solution.

CONCLUSIONS

Combustion of the metal particles suspended in air is a complex

phenomenon that has various aspects and factors. To analyzethat

process, we have to simplify equations which describe mathemati-

cal modeling of process. However, many studies have been per-

formed on hydrocarbon fuel combustion, but few experiments have

been done on metallic dust flame, especially on iron particles. Due

to the lack of experimental data of iron dust flame, we decided to

create an analytical model for iron dust flame to predict combus-

tion phenomena. We could verify some of our results to that of ex-

perimental data that are available. But also, we derived a number

of analytical expressions that reveal the behavior of iron dust flame.

We considered the combustion of iron dust cloud in a long channel

whose cross-sectional area is rectangular. We assumed a homoge-

neous mixture of fine iron particles suspended in air, and particle

size and distribution are uniform. We considered that the heat pro-

duced inside the channel dissipates and heat loss in peripheral walls

of channel to the environment exists. The obtained profile of tem-

perature along the channel shows an increasing trend in the preheat

zone from the initial temperature of mixture to the ignition temper-

ature of iron particles, then a gradual increase in temperature in the

reaction zone, due to burning of particles completely, and thereaf-

ter, a decrease in temperature to the initial temperature. The tem-

perature of the reaction zone indicates theflame temperature of com-

bustion. On the other hand, the flame speed was considered as flame

speed in the channel in the modeling. In the lean mixture, the flame

speed decreases by increasing the particle radius, which is in accor-

dance with a previous experimental study for iron dust cloud. Also,

in the lean mixture, the flame speed increases by increasing the con-

centration of iron particles in air.

As shown in Figures (10) and (14), the flame speed increases

with the increase of dust concentration in the fuel-lean condition.

But also, the flame speed decreases gradually with the increase of

dust concentration in the fuel-rich condition. This occurrence is justi-

fied by the concepts of stoichiometric condition. At the stoichio-

metric condition in which the equivalence ratio equals to unity, the

flame speed becomes a maximum value. In the fuel-lean mixture,

by increasing dust concentration, the equivalence ratio increases and

approaches to unity thus the flame speed increases and approaches

to the maximum value. But in the fuel-rich mixture, by increasing

the dust concentration, the equivalence ratio increases and becomes

larger than unity therefore, theflame speed decreases and dimin-

ishes from the maximum value. However, the flame speed changes

based upon particle radius and vice versa in those two conditions.

It means that the flame speed decreases by increasing the particle

radius in the fuel-lean mixture, and increases by increasing the particle

radius in the fuel-rich mixture. It can be observed from the figures

that the trend of results of the new analytical model (3D) is similar

to the experimental results.

NOMENCLATURE

x : first coordinate opposite the direction of propagation of flame

[m]

y : second coordinate [m]

z : third coordinate [m]

v
u : flame speed [m/s]

: oxidation reaction rate of iron [kg/s]

PO : oxygen partial pressure [Pa]

TO : temperature of the oxygen [K]

Ea : activation energy [J]

Ru : universal gas constant [kJ/(kmol·K)]

Vs : volume of iron particle [m3]

m· O

Fig. 18. Flame speed as a function of channel width at a fuel-lean
mixture (φ=0.6).

Fig. 19. The temperature profile across the channel in the fuel-rich
mixture.
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t : time [s]

As : surface area of iron particle [m2]

f : geometric factor determined by the shape of the cluster 

Tb : combustion temperature [K]

Ta : air temperature [K]

: average convective heat transfer coefficient around particle

[W/(m2·K)]

r : radius of iron particle [m]

K : effective rate of reaction [kg1/3·s−1]

CO2
: mass concentration of oxygen in the air [kg/m3]

Pa : air pressure [Pa]

: average nusselt number around spherical iron particle

k : thermal conductivity of iron [W/(m·K)]

d : diameter of an iron particle [m]

Red : reynolds number for air stream around iron particle

Pr : prandtl number for air

Wf : heat source term in energy equation [W/m3]

Bu : initial mass concentration of iron particles in mixture [kg/

m3]

Q : heat of combustion of iron [kJ/kg]

ms : mass of an iron particle [kg]

cs : specific heat capacity of iron particle [J/(kg·K)]

Ts : temperature of iron particle [K]

T : temperature of mixture [K]

v : gas velocity [m/s]

cp : specific heat capacity of gas at constant pressure [J/(kg·K)]

Tu : initial temperature of mixture at entrance of the channel [K]

Bst : stoichiometric mass concentration of iron particles cloud

[kg/m3]

B : mass concentration of iron particles cloud [kg/m3]

s : defined parameter

R : defined parameter

a : width of infinite rectangular cylindrical channel [m]

b : height of infinite rectangular cylindrical channel [m]

m : counter

n : counter

Amn : fourier coefficient

Bmn : fourier coefficient

Cmn : fourier coefficient

Dmn : fourier coefficient

: convective heat transfer from gas toiron particle [W]

Tsi : ignition temperature of iron particle [K]

Pmn : fourier coefficient

CO2u
: initial mass concentration of oxygen [kg/m3]

CO2
(x) : local mass concentration of oxygen in the channel [kg/m3]

Du : diffusivity [m2/s]

A : defined parameter

A' : defined parameter

M1 : defined parameter

M2 : defined parameter

F : defined parameter

c1 : coefficient

c2 : coefficient

Greek Letters

Ω : constant

β : constant

γ : constant

τc : combustion time of a single iron particle [s]

ρs : density of iron particle [kg/m3]

σ : stefan-boltzmann constant [W/m2·K4]

ε : emissivity factor

Π : constant from arrhenius equation for oxidation

δ : constant from arrhenius equation for oxidation

µ : dynamic viscosity of air at bulk temperature of air [Pa·s]

µs : dynamic viscosity of air at surface temperature of iron par-

ticle [Pa·s]

λu : thermal conductivity of air at initial temperature [W/(m·K)]

ρ : density of gas [kg/m3]

ρu : density of air at initial temperature [kg/m3]

κ : coefficient of heat loss [W/(m2·K)]

θ : temperature difference of mixture to initial temperature [K]

λ : thermal conductivity of mixture [W/(m·K)]

φ : equivalence ratio

µm : eigen value of energy equation

λn : eigen value of energy equation

γ : constant

θs : iron particle temperature minus the initial temperature [K]

ξ : defined parameter

θsi : ignition temperature of iron particle minus initial temper-

ature [K]

ρf : density of mixture in flame zone [kg/m3]

Γ : reaction stoichiometric coefficient

χ : non-dimensional parameter determining continuum

Subscripts

s : solid particle

O : oxygen

a : air

b : burning

u : unburned

f : flame

1 : preheat zone

2 : flame zone

3 : post flame zone

i : ignition 

m : mth value of roots

n : nth value of roots
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