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Abstract In this paper, propagation and quenching of

aluminum dust flame in narrow channels with infinite

length and constant width are investigated. Particles are

distributed uniformly in three-dimensional space in a qui-

escent reaction medium. The combustion of a single par-

ticle was first studied, and the solution is presented. Each

burning/burned particle is considered as a heat source, and

the amount of heat loss to the channel walls is assumed as

sink source. Based on the superposition principle, the

space–time temperature distribution of particles and the

heat loss to the walls are estimated based on the generated

code. In this study, the amount of heat loss and quenching

distance have been investigated as a function of aluminum

dust concentration and particle diameter. The effects of

preheating of the walls are also studied on quenching dis-

tance and heat loss. The estimated results are compared

with the experimental data and show a fairly good agree-

ment. The initial wall temperature affects the heat loss, and

with the increase in the wall’s initial temperature, the value

of quenching distance will be decreased.

Keywords Quenching distance � Narrow channels � Dust

flame � Aluminum � Metals ignition

List of symbols

q0 Rate of heat release

L Distance between the layers

cp Heat capacity at constant pressure

T Temperature

Q Total heat released

x, y, z The dimensional Cartesian coordinate system

x0, y0, z0 The non-dimensional Cartesian coordinate

system

B Mass concentration

t Time

d Particle diameter

Subscripts

i, m The counter

in Initial temperature

ad Adiabatic temperature

a Air

p Particle

w Wall

ig Ignition time

c Combustion time

Greeks

v Velocity

a Thermal diffusivity

s Non-dimensional time

w, c Non-dimensional parameters

h Non-dimensional temperature

q Particle density

r Variance

g Non-dimensional velocity
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Introduction

Nowadays due to fast progress in technology, a new type of

energetic materials, nano- and micron-size particles sus-

pended in air with high specific surface are used to make

them applicable for many energetic applications such as;

propellants, pyrotechnics, and combustion synthesis, there

are numerous fine metal powders, such as magnesium, alu-

minum, iron, boron, titanium, and zirconium and etc. [1].

Dust is an undesirable but inevitable byproduct of many

industrial processes, in particular in food processing,

mining and metal working, etc. Therefore, combustion of

dust particles in air has been a serious safety concern for

the mining, manufacturing, and energy production indus-

tries [2, 3].

Several accidents have occurred that resulted in the loss of

life and substantial property damages, such as: aluminum

dust explosion happened in the milling section of the plant

located in Modesto California in the year 2000, which was

extensive and blowing out practically all the wall panels of

the factory building [4]. Such events forced industries to

study dust combustion characteristics to better understand

this phenomenon. One of the important dust flame charac-

teristics, is the subject of quenching distance which is an

important flame feature to prevent and control dust explo-

sions through prevention of dust flame propagation.

Numerous researches were conducted to study com-

bustion of powdered metals (B, Al, Mg, Ti, and etc.).

Goroshin et al. [5] compared heat production per unit

volume of the fuel for combustion of different metallic

elements in air and it was found that boron, beryllium and

aluminum have the highest heat production per unit of

volume.

Aluminum is widely used because of its high combus-

tion enthalpy, availability, neutralized oxide, and good

stability.

Trunov et al. [6] presented a review of experimental

measurements of aluminum ignition temperature and dif-

ferent models for aluminum ignition are investigated. In

addition, the ignition of aluminum particles is studied

experimentally and discussed.

Han et al. [7] developed a numerical three-dimensional

Eulerian–Lagrangian two-phase approach for modeling

aluminum dust combustion with oxygen as an oxidizer.

The model contained detailed combustion characteristics of

aluminum particle including melting process, the hetero-

geneous surface reaction, alumina shell growth, combus-

tion heat distribution and etc. As a result, flame features

were calculated in order to discover the behavior of alu-

minum burning velocity in various conditions and also,

temperature variations of the gas and particles were found

to be in indirect relation with temperature rise.

Huang, et al. [8] theoretically studied combustion of

aluminum dust particles in a laminar air flow under fuel-

lean conditions. Particles with the diameters from the nano

to micron range were investigated, and the relevant flame

speed and temperature distribution were presented. The

way of simulation allows for investigation of the effects of

particle size, equivalence ratio, etc., on the burning char-

acteristics and flame structures of aluminum particle/air

mixtures.

As a result, it was reported that when the particle

diameter decreases from the micron to nano range, the

flame speed increases and the combustion transits from a

diffusion-controlled to a kinetically controlled mode.

Bidabadi et al. [9] studied combustion of aluminum dust

particles in a quiescent reaction medium under different

oxidizers such as carbon dioxide, air, water vapor. It is

concluded that for a considered particle diameter and dust

concentration, the flame speed in carbon dioxide is the

lowest. Many researchers have studied flame propagation

and flame velocity of dust particles combustion, but few

studies are available regarding quenching distance of

metallic dust particles and investigating the effect of dif-

ferent parameters such as the required distance between

two plates of a narrow channel that flame would be

extinguished or the amount of heat loss on this concept.

Quenching distance is defined as the minimum distance

between the channel walls that the generated dust flame can

propagate through and reducing the distance results in the

flame off due to the heat loss between plates. This dynamic

flame feature is of importance in the design of flame

arresters where the flame propagates through assemblies of

equally spaced steel plates installed in the tubes. Ballal [10]

experimentally investigated combustion of dust cloud

containing different types of materials such as aluminum,

magnesium, titanium, carbon. The studies focused on

determining the quenching distance and minim ignition

energy (MIE) of various dusts.

Jarosinski et al. [11] measured quenching distance of

aluminum and coal dust particles. In order to measure

quenching distance, then netting steel plate was placed in

the middle of the experimental setup to see whether the

flame passes through the netting or not. The least

quenching distance for Pittsburgh coal dust particles was

obtained for a 5 micron particle diameter in the tube. This

work was also performed by Proustetal [12] using a similar

experimental technique. Bidabadi [13] investigated com-

bustion of aluminum dust particles with a mean diameter of

5.4 micron in different neutralized gasses and different

oxidizers. Also, the quenching distances of aluminum dust

particles in the air, nitrogen, and helium were measured

both experimentally and analytically. In addition, the effect

of fuel concentration was studied. It was concluded that the
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minimum quenching distance in the air was about 5 mm

for a considered dust concentration, but if one substitutes

nitrogen with helium or increases the concentration of

oxygen, quenching distance would be increased to 7 and

15 mm, respectively. Tang et al. [14] presented the results

of experiment tests for suspensions of iron dust in the air.

The results were obtained for four different uniform dust

particles having an average particle sizes in the range 3–27

micron. Bidabadi et al. [15] investigated the propagation

and extinction of aluminum dust cloud flame in a narrow

channel. They found out that the quenching distance of

aluminum dust was reduced by increasing the dust con-

centration and the channel width. Also, they concluded that

the flame propagation speed is lower than the speed in an

adiabatic channel.

Palecka et al. [16] experimentally measured quenching

of laminar combustion of methane–aluminum particles

mixtures in different dust concentrations. The quenching of

fuel mixtures versus aluminum dust concentration was

studied. In addition, silicon carbide (SiC) powder was used

as an inert powder in the fuel mixture which caused a

steady increase in the quenching distance.

The aim of the present research is to develop a theo-

retical thermal model for calculating the quenching dis-

tance of aluminum dust particles in a quiescent reaction

medium and the amount of heat loss to the narrow channel

walls caused by combustion of micron-sized, mono-dis-

perse dust particles under various dust concentrations and

sizes. The model employed in the present study is different

from the work done by [15]. The governing equations are

in Cartesian coordinates and are utilized to suitably simu-

late combustion of metal particles with abrupt ignition and

negligible burning time which is applicable for aluminum

and magnesium particles during reaction. The proposed

thermal model shows high qualitative accuracy in terms of

flame quenching distance compared with different experi-

mental data. The model starts by considering single-parti-

cle combustion to obtain a space–time temperature

distribution. The ensemble reacting front in the suspended

dust combustion is then considered using the superposition

principle to include the effects of neighboring particles. All

the burned and burning particles are considered as heat

sources, and the channel walls are assumed to behave as

heat sinks. At the end, flame propagation speed, quenching

distance, and the amount of heat losses to the channel walls

are obtained.

Dust cloud combustion in narrow channels

Dust cloud combustion is a very complex phenomenon.

This complexity is caused by various processes, such as

heat transfer in multiphase materials, or blending with an

oxidizer, ignition, burning, etc.

Different factors, including the physical and chemical

properties of fuel particle, shape, and average particle size,

influence the combustion behavior of dust cloud in narrow

channels; also, distribution of particles is a significant

parameter. Dust clouds are not distributed uniformly in

space; however, the assumption of uniform distribution of

fuel particles, as considered in this research, still con-

tributes to reasonable predictions. The assumption is only

valid early in the dispersal before the effects of gravity/

buoyancy influence the dust cloud.

Heat transfer mechanism plays a significant role in dust

cloud combustion. Radiation heat transfer has a very

complex effect on the combustion process which is still not

fully understood.

Bidabadi [13] concluded that the ratio of temperature

difference caused by conduction to temperature difference

caused by radiation in aluminum particles is 501. This ratio

is also known as Stark number which corresponds to the

relative role of heat transfer by conduction to radiation.

The radiative heat transfer vanishes for the limiting case of

a transparent medium. On the other hand, when the

aforementioned ratio approaches large numbers, heat

transfer within the medium is only by conduction. The

opposite extreme, when the above said ratio approaches

zero, corresponds to the case in which heat transfer is

solely due to radiation. Considering the fact that this ratio

has a large value for aluminum, one can neglect the effect

of radiative heat transfer in the combustion of aluminum

particles.

Therefore, in the present research radiation heat transfer

mechanism is neglected, based on the above explanation,

and as it is assumed that the reaction medium is quiescent,

there is no convection involved in the governing equations.

Hence, the main heat transfer mechanism is considered to

be conduction. There are two opposite factors in modeling

the combustion behavior of dust cloud in narrow channels.

The first one is transferring the produced heat from the

burning particles to the neighboring particles which gives

rise to an increase in neighboring particles temperature and

has a positive effect on flame propagation speed. The

second and more important issue is transferring the heat

released to the channel plates which is considered as heat

loss and has a negative effect on flame propagation. The

heat loss effect may be so strong that it causes the particles

not to reach the ignition temperature.

Governing equations

The uniform spatial distribution of fuel particles in a con-

sidered cubic control volume in 3D space is illustrated in

Fig. 1. In the shown control volume, particles are consid-

ered inside the grid nodes and it is assumed that all nodes

are filled with particles; therefore, the distribution of
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particles is uniform. In the present thermal model, parti-

cle’s temperature increases and when the temperature

reaches the ignition temperature, all particles in a layer

burn and act as heat sources that make the temperature of

the unburned particles in the neighboring layer to increase.

It is assumed that all particles are spherical and the

temperature change in the radial direction is small and

negligible; therefore, the Cartesian coordinates is consid-

ered here.

The energy equation is written as follows:

1

a
oT

ot
¼ r2T þ _q

k
ð1Þ

where a is thermal diffusivity(m2 s - 1), k is conductivity

coefficient (Wm - 1 k - 1), and _q is the rate of heat

release from a single particle’s surface during the burning.

The above equation can be made dimensionless by using

the parameters below:

h ¼ T � Tin

Tad � Tin

; s ¼ at
L2

; x0 ¼ x

L
; y0 ¼ y

L
; z0 ¼ z

L

ð2Þ

where s is the dimensionless form of time, h is the

dimensionless form of temperature, L is the distance

between particles, Tin is the initial temperature, and Tad is

the adiabatic flame temperature.

In order to calculate the adiabatic flame temperature, it

is assumed that the particles are located in a hypothetical

cubic control volume and then energy conservative law is

exerted within it.

Energy conservative law:

mmixtureCPmixture Tad � Tið Þ ¼ mfuelQ

! qmixturevCPmixture Tad � Tið Þ ¼ mfuelQ
ð3Þ

Tad ¼ Ti þ
Qmfuel

v

qmixtureCPmixture

! Tad ¼ Ti þ
QB

qmixtureCPmixture

ð4Þ

In Eq. (3), CPmixture is the specific heat for the mixture of

fuel particle and gaseous oxidizer, qmixture is the density of

the mixture, Q is the total amount of heat released, and B is

the mass concentration of fuel.

By utilization of dimensionless form of parameters, the

following form of energy law is achieved:

oh
os

¼ r2hþ 1

sc

ð5Þ

where sc is the dimensionless form of burning time and

defined as below:

sc ¼
tca
L2

ð6Þ

Experimental findings [17, 18] show that the burning

time of inorganic particles is significantly smaller than the

time it takes the particles to reach the ignition temperature;

therefore, it can be assumed that inorganic particles would

burn immediately so the Dirac delta function can be uti-

lized in the terms of heat source:

oh
os

¼ r2hþ
XN

i¼1

d s� sið Þ ð7Þ

In the above equation, the index (i) is the counter vari-

able and (N) is the total numbers of layers. The above

equation is solved, and the superposition theorem used for

the effects of previous layers on the current layer.

hsource ¼
Xm�1

i¼1

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p sm � sið Þ

p exp �
x0m � x0i
� �2

4 sm � sið Þ

 !
ð8Þ

n – 1
n

n + 1
z

y

x

Burned particles

Unburned particles
Burning particles

Fig. 1 Spatial distribution of

particles in the dust cloud, layer

n - 1 (burned layers), layer

n (burning layers), and layer

n ? 1 (preheating layers)
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In the above equation, m is the index of the current layer

and i is the index of previous layers. The first layer is

ignited by igniter, and the burning time of this layer is

calculated which is needed for calculation of the ignition

temperature and burning time of the second layer. The

calculated burning time of the first and second layers are

needed for buring time estimation of the third layer.

Finally, for the calculation of current layer (m), the burning

time of all previous burned layers ranging from first layer

to the layer of (m - 1) are vital. The parameter L is the

spacing between two adjacent layers and determined from

the below equation:

L ¼ pd3
pqp

.
6B

� �
ð9Þ

where qp and dp are the particle density and diameter,

respectively, and B is mass concentration of fuel. The heat

loss in narrow channels is considered to be perpendicular to

the flame propagation direction and will be discussed fur-

ther in the following.

Modeling heat LOSS

In the present model, heat loss is considered one dimen-

sional and the heat loss in narrow channels is perpendicular

to the direction of flame propagation and the main heat

transfer mechanism is conduction heat transfer. Figure 2

shows the schematic of the problem configuration. Also, it

is assumed that the wall’s temperature during the heat

transfer remains constant at 300 K.

The heat loss is calculated through the below equation:

_qloss ¼
2kaA T � Twð Þ

D=2
ð10Þ

In Eq. (10), ka is the conduction coefficient for oxidizer

(Wm - 1 k - 1) that in this case is air, A is the heat

transfer area, and D is the quenching distance which is

unknown.

The overall heat loss is obtained by:

Qloss ¼
Z t

0

_qlossdt ð11Þ

The reduced temperature due to the above heat loss is

equal to:

Tloss ¼ Qloss=qmixtureCPmixture
ð12Þ

Therefore, the reduced temperature is given by:

Tloss ¼
4ka

qmixtureCPmixtureD2

Z t

0

T � Twð Þdt ð13Þ

Considering the above parameters, dimensionless form

of reduced temperature appears as follows:

hloss ¼ 4cw2

Zs

0

h� hwð Þds ð14Þ

In the above equation, the dimensionless parameters

have been defined below:

h ¼ T � Tin

Tad � Tin

; hW ¼ TW � Tin

Tad � Tin

; s ¼ at
L2

; c ¼ aa

ap

;

w ¼ L

D

ð15Þ

where aa and ap are the thermal diffusivity of oxidizer, air

in this case, and the thermal diffusivity of particle,

respectively. L is the distance between two particles and

D defined as a quenching distance.

The final temperature of a current layer is under the

influence of two opposite factors: transferring the produced

heat from the burning particles to neighboring particles and

the transferring of heat to plates which is considered as heat

loss. The temperature distribution function is given by:

Plates

distance

Post flame Flame

Lumped capacitance

Preheating

Heat loss Walls

L

Fig. 2 Diagram of the narrow channel and the heat loss of layers to the channel’s plates, adapted with permission from [15]
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h ¼ hsource � hloss ð16Þ

h ¼
Xm�1

i¼1

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p sm � sið Þ

p exp �
x0m � x0i
� �2

4 sm � sið Þ

 !

� 4cw2

Zs

0

h� hwð Þds ð17Þ

Results and discussion

In the present research, the quenching distance of combus-

tion of aluminum particles in air is studied, and the physical

properties of aluminum and air used in this study is given in

Table 1. It should be noted that the thermal diffusivity

coefficient in energy equation is sensitive to temperature

changes in the reaction medium; therefore, the variation of

thermal diffusivity with the temperature of reaction medium

is considered and calculated in the generated code.

In the present model, several factors influence quench-

ing distance including the physical properties of the fuel

and oxidizer particles, preheat time, the initial temperature

of plates, etc.

Figures 3 and 4 show quenching distance as a function

of dust concentration for aluminum dust cloud. Figure 3

provides the model’s predictions for particles with 5.4 lm

diameter. It shows that with the increase in dust concen-

tration the value of quenching distance will be reduced.

This is due to the fact that increasing the amount of dust

concentration and the total amount of fuel particles results

in higher amount of energy release rate from the burning/

burned particles, and this increases the value of flame

propagation speed; therefore, the time needed for trans-

ferring the generated heat during combustion to the channel

plates decreases considerably. Hence, the amount of heat

loss to the channel plates would be decreased and it

requires smaller quenching distances to quench the prop-

agated dust flame. The results shown in Fig. 3 compared

with the Bidabadi experimental data show a fairly good

agreement [13]. Figure 4 illustrates the model’s predictions

for particles with 17.5 lm diameter and the obtained

results compared with Kim’s experimental data [23] gen-

erally agree with the experimental data.

Table 1 Physical properties of aluminum and air

Value Unit Refs.

Particle property

Cp 903 J kg-1 K-1 [19]

qp 2702 kg m-3 [19]

Tf 3600 K [20]

Tig 34.5dp ? 789.1 K [21]

Tad 3977 K [22]

Air properties

Cp 1007 J kg-1 K-1 [19]

q 1.1614 k gm-3 [19]

Tin 300 K Assumed
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Q
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is
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m
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Experimental data [13]
Present model

Fig. 3 Quenching distance as

function of aluminum dust

concentration with particle

diameter of 5.4 lm at 297 K

and atmospheric pressure

condition
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Figure 5 shows quenching distance as a function of

particle diameter for stoichiometric dust concentration. As

it can be concluded, the quenching distance increases with

the increase in particle diameter. This is due to the fact that

larger particles require much more energy to reach ignition

temperature and to be ignited according to the equation

Tign = 34.5dp ? 789.1 [20]. In other words, small particles

burn faster than large particles [24]. As a result, the time it

takes larger particles reach ignition temperature increases

compared to the smaller ones and sufficient time is available

for heating loss, and this causes more heat losses to occur,

which leads to larger quenching distance as shown in Fig. 6.

Figures 7 and 8 show the change in the quenching dis-

tance in different initial channel wall temperature. Figure 7

shows quenching distance as a function of dust concen-

tration for various initial wall temperatures for 5.4 lm

particle diameter. As it is understood, with the increase in

the initial temperature of wall channels, the values of

quenching distance and heat loss will be reduced. This is

due to the fact that as the wall temperature augments, the

temperature difference between the wall and the burning/

burned layers would be reduced and (according to

Eq. (10)) the amount of the heat transferred to the channel

plates or heat loss would be decreased.

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

50

100

150

200

Dust concentration/kg m–3

Q
ue

nc
hi

ng
 d

is
ta
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e/

m
m

Experimental data [23]
Present model

Fig. 4 Quenching distance as

function of dust concentration

for particle diameter of 17.5 lm

at 297 K and atmospheric

pressure condition
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Fig. 5 Quenching distance as a

function of particle diameter
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Figure 8 depicts heat loss as a function of dust con-

centration for various initial wall temperatures for 5.4 lm

particle diameter. It is observed that with the rise of initial

wall temperature, the amount of heat loss decreases and

as can be seen in both Figs. 6 and 8 the value of heat loss

to plates reaches its maximum amount at nearly stoi-

chiometric dust concentration. Because the maximum re-

leased energy is generated in the stoichiometric

combustion and therefore more energy is dissipated

through walls channel.

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
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H
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Fig. 6 Heat loss to plates as a

function of both dust

concentration and particle size
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Fig. 7 Quenching distance as a

function of concentration for

different initial wall

temperatures
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Conclusions

In the present study, combustion of aluminum dust par-

ticles in a quiescent reaction in a medium with spatially

discrete sources is studied. The quenching distance in the

aluminum–air suspensions will be increased as the par-

ticle size increases, since more time is available for

heating loss during the ignition of larger particles as

compared to the smaller ones. Finally, the estimated

quenching distances appear to reasonably obtain the

threshold for quenching distances, providing an effective

model both for flame propagation and quenching of dust

clouds in narrow channels with spatially discrete sources

uniformly distributed in a quiescent reaction medium.

The effects of burned particles on unburned fuel particles

are studied using superstition theorem. The value of the

reduced temperature due to overall heat loss is calcu-

lated. The governing equations are solved considering

heat loss effects. As a result, quenching distance is

obtained as a function of dust concentration and particle

diameter.

The thermal model presented is an effective tool for the

estimation of quenching distance and the amount of heat

loss in combustion of aluminum dust particles in narrow

channels in various dust concentrations and particle sizes.

The present thermal model can be improved to consider the

effects of radiation and particle size distributions to

enhance the obtained results in comparison with the

experimental data.
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