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Abstract
In this study, a semi-analytical model is developed for non-premixed combustion of metal dusts in counterflow configu-

ration. Combustion domain is divided into three separate zones, each of which possesses corresponding mass and energy

conservation equations as well as boundary and jump conditions. Metal dust, assumed to be aluminum, undergoes an

Arrhenius-type reaction with oxidizer, when it is heated enough to reach the ignition temperature. Dimensionless forms of

conservation equations are derived and utilized to elucidate the combustion characteristics. The effects of oxidizer Lewis

number and fuel mass concentration on the flame position and temperature are discussed thoroughly. In addition, tem-

perature distribution of the whole domain is calculated by numerically solving the system of partial differential equations.

In order to track particles through combustion domain, Lagrangian equations of motion are solved either mathematically or

numerically, considering thermophoretic, weight, buoyancy and drag forces. The effects of thermophoretic force on the

particle path are investigated, and the deviation of particle from carrier neutral gas direction is obtained. The results

showed a great agreement with the data reported in the literature highlighting the fact that the presented model is an

efficient one to accurately model the non-premixed counterflow combustion of metal dust.

Keywords Non-premixed combustion � Aluminum dust cloud � Mathematical modeling � Counterflow configuration �
Thermophoresis effect � Particle tracking

List of symbols
a Strain rate (s-1)

Ca Gas heat capacity (J kg-1 K-1)

CD Drag coefficient

Cp Particle heat capacity (J kg-1 K-1)
�C Mean thermal velocity of gaseous molecules

(m s-1)

DO Oxidizer diffusion coefficient (m2 s-1)

dp Particle diameter (m)

DT Thermal diffusion coefficient (m2 s-1)

Ea Activation energy (J)

FB Buoyancy force (N)

FD Drag force (N)

FG Gravity force (N)

FT Thermophoretic force (N)

Kn Knudsen number

Le Lewis number

mp Particle mass (kg)

np Number of particles per unit volume (m-3)

Q Heat released per unit mass of fuel (J kg-1)

R Universal gas constant (J mol-1 K-1)

T Temperature (K)

Ta Dimensionless activation energy

u Velocity in x-direction (m s-1)

U Particle velocity (m s-1)

v Velocity in y-direction (m s-1)

Vb Burning velocity (m s-1)

WF Molecular weight of fuel (kg mol-1)

xf Initiation point of flame

YO Oxidizer mass fraction

Ys Solid fuel mass fraction

Ys�1 Primary mass fraction of solid fuel

Greek symbols
l Viscosity (Pa s)

k Particle mean free path (m)
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h Dimensionless temperature

# Stoichiometric mass ratio

q Density (kg m-3)

Subscripts
o Oxidizer

s Solid fuel

ig Ignition

p Particle

Introduction

Metal particles have been drawn a great deal of attention

from scientist over the years and are now extensively uti-

lized in various fields such as bioengineering [1], consumer

electronics [2], thermal and chemical processes [3–8],

catalysis [9, 10], and, most importantly, renewable energies

[11, 12]. Recently, with the development of industrial

processes and population growth, human need for energy

have become more of an enormous challenge regarding the

deficiency of the fossil fuels in near future. Besides, the

increasing global warming emissions have made scientists

to devise novel solutions to substitute the existing pollutant

fuels. Therefore, it is now a great concern to introduce and

utilize effective renewable energy sources including alter-

native fuels such as metal particles. Employing metal

powders as fuel has its own pros and cons like every other

renewable source; however, its advantages such as abun-

dancy, zero produced carbon and the ability to collect and

recover the by-products of metal combustion overcome the

complexity and uncertainty of methods that can efficiently

use these kinds of fuels [13]. On the other hand, the

industries working with small particles are always exposed

to the risk of explosion, if the particles are finely dispersed

in the medium. Reaching a certain mass concentration

required for ignition and being triggered by any energy

source, the flame kernel develops and propagates very fast

through the medium, which in most cases results in sub-

stantial financial loss and casualties [14–16]. Therefore,

implementing novel clean energy technologies and safety

issues highlights the importance of particle combustion

analysis. Although researchers have been working on dif-

ferent aspects of the field for six decades, theoretical and

experimental researches have not comprehensively been

focused on a robust approach to extract metal dust energy.

This is due to problems that arise when working in this

area, such as difficulty in achieving the stable laboratory

conditions, eliminating the gravity effects on experiments,

the unknown nature of the combustion of metals, and the

presence of numerous parameters affecting the combustion

characteristics.

The particles burning mechanism can be classified

according to their type, size and volatility. The volatile

particles first evaporate, and the resulting gases take part in

a homogenous reaction with the oxidizer, while nonvolatile

particles combustion is heterogeneous. Metal particles

combustion is mostly modeled as heterogeneous, and the

so-called surface reaction happens at the interface of the

particle and oxidizer [17]. In the present paper, aluminum

particles are considered to be nonvolatile particles attend-

ing the irreversible reaction that follows the Arrhenius law

[18] and occurs at the interface of fuel and oxidizer. Alu-

minum particles are chosen as fuel component due to

availability, high heat release per mass (second among

metals) [19], non-toxic by-products and stability.

Dust particle combustion is generally studied by many

researchers for a wide variety of configurations and in

diverse combustion systems. For example, flame propaga-

tion through dispersed aluminum particles is broadly

studied by many researchers. A general relation for burning

time of a single aluminum particle is presented by Beck-

stead [20]. He cataloged more than 400 data points from

ten different sources and used various proposed models

with pivotal environmental parameters to achieve a more

realistic combustion model. The correlation considers the

effect of different reactants such as CO2, water vapor and

air and has been widely adopted since. Goroshin et al. [21]

reported the burning velocities of fuel-rich aluminum

mixtures in a Bunsen-type burner. Based on the results,

mixture burning rate is more influenced by oxygen con-

centration rather than dust concentration. It was also found

that the carrier neutral gas plays a significant role in the

burning velocity. Trunov et al. [22] reviewed the existing

models predicting the combustion characteristics of alu-

minum dust and acclaimed that the models fail to investi-

gate the effect of particle diameter changes and

experimental conditions on combustion characteristics. A

logical explanation was also presented for the relation

between processes governing ignition and oxidation of

aluminum powders. Risha et al. [23] experimentally

investigated the laminar flame speed of aluminum fuel

blends with different particle sizes and mixture composi-

tions. While it may be partly responsible for temperature

distribution change, the dust concentration was found to

have low effect in flame speed. The impact of oxidizer

stream speed was explored to determine the dependence of

flame speed on jet momentum, and it was found that flame

speed increases with the increase in oxidizer shear velocity

until it reaches a constant rate. In another study,

Huang et al. [24] numerically investigated the combustion

of aluminum dust for a wide range of sizes. Their proposed

model succeeded to predict the effects of particles size,

equivalence ratio and chemical kinetics on the flame speed

and temperature distribution. They acclaimed that no
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universal law exists to be applied for the entire range of

sizes. Our research group mathematically modeled the

flame propagation of solid dust and presented the relevant

dynamic parameters of the flame. A one-dimensional

model for abrupt combustion of aluminum was developed

by Bidabadi et al. [25]. The model calculated the propa-

gation speed, minimum ignition energy and quenching

distance for uniformly dispersed particles which have low

burning time (Al ? Mg) in a quiescent reaction medium.

The model was also applied to a three-dimensional distri-

bution of particles, and the burning time was included.

Later, the model was employed to investigate the com-

bustion of randomly distributed particles [26], hybrid cloud

of particles [27] and consideration of radiative heat transfer

mechanism [28]. Also the dependency of flame speed and

temperature on the particle concentration as well as mini-

mum ignition energy and quenching distances was pre-

sented and discussed.

The complexity of the combustion process has pre-

vented scientists to reach a comprehensive model, resulting

in more precise and delicate methods. Combustion analysis

in a counterflow configuration allows the researchers to

shed more light on parameters such as flame stretch,

gradual diffusion, radiation heat transfer and chemical

kinetics. It is also more frequently encountered in practical

combustion compared to the flame propagating systems.

However, due to safety issues and difficulties in conducting

the tests, less attention has been paid to the counterflow

combustion, especially for solid particles. Fuel and oxi-

dizer streams enter the combustion domain either sepa-

rately which forms diffusion flames, or combined with each

other, entering from two opposing nozzles. Seshadri and

Tervino [29] presented an asymptotic solution for diffusion

flames of lean methane–air mixtures considering relatively

low activation energy. They characterized the effects of

oxidizer and gaseous flame Lewis number on the flame

position, flame temperature and heat loss. Gue et al. [30]

numerically investigated the effects of radiation on the heat

loss and extinction of counterflow premixed lean methane–

air flame. They found a relation between stretch rate and

radiative heat loss which causes the flame to extinct. The

impacts of fuel concentration, temperature and strain rate

on the extinction and auto-ignition of an n-heptane/air

counterflow flame were investigated by Seiser et al. [31].

One major result of their research was that strain rate is a

more substantial parameter than temperature when it comes

to the low-temperature chemistry. Bidabadi et al. [32] used

analytical approach to study the characteristics of flame in

a counterflow configuration. The model was based on three

different zones, and a two-phase mixture model was

implemented to simulate the structure of dispersed organic

particles in air. In addition, the effect of heat loss was taken

into account and Lycopodium was considered as fuel. The

relation between gaseous phase and fuel particles mass

fraction as a function of the distance from the stagnation

plane was calculated, and the effects of strain rate on flame

temperature and flame velocity were obtained. In another

study, burning speed, stabilization point and the effect of

strain rate for the premixed combustion of aluminum dust

cloud in a counterflow configuration have been analyzed

[33]. Concerning thermophoresis, Bidabadi et al. [34]

presented a model analyzing the effects of thermophoresis

on the combustion of aluminum particles and water. To the

best of our knowledge, an analytical model of the non-

premixed combustion of metal dust in a counterflow con-

figuration is presented in this paper for the first time.

Furthermore, particles have been chased from the fuel

nozzle to the outlet and the effect of thermophoresis is

analyzed. The domain is divided into three zones including

a preheat zone where the rate of chemical reaction is small,

a reaction zone where the particles reach the ignition

temperature and, finally, a post-flame zone where the rate

of chemical reaction presumed to be small due to the lack

of fuel. The paper also investigates the influence of oxi-

dizer Lewis number and fuel mass concentration on the

flame temperature and position. The results of aluminum

burning rate indicate a reasonable agreement with the

existing data in the literature.

Mathematical model

The present model investigates the non-premixed com-

bustion of metal particles in a counterflow configuration

using analytical and numerical approaches simultaneously.

The fuel and oxidizer flows whose velocities are the same

move toward the stagnation plane from the nozzles in the

both sides of the domain. Particles are assumed to react

with the oxidizer and burn heterogeneously. Aluminum

particles move to the stagnation plane from �1, and the

oxidizer enters just from the opposite. Figure 1 illustrates

the investigated configuration encompassing preheat zone,

reaction zone and post-flame zone. The location of the

flame with respect to the stagnation plane depends on the

streams velocity, fuel concentration, particles size, oxidizer

Lewis number, ignition temperature of the fuel, etc.

Model assumptions

Basic assumptions applied to functionalize the model and

achieve an analytical solution are presented below:

1. Thermophysical properties of both fuel and oxidizer,

such as density, heat capacity and transport coeffi-

cients, are assumed to be constant and are presented in

Table 1.
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2. Aluminum particles enter the combustion domain

while being transported by a neutral gas stream with

a velocity equal to that of the oxidizer.

3. Heat losses and radiation heat transfer mechanism are

neglected [35].

4. The streams are assumed to be laminar and steady.

5. Oxidizer depletion effects are neglected.

Governing equations

Three conservation equations of mass and energy are

solved with respect to the defined case study. The velocity

field is considered to be as:

u; vð Þ ¼ �aX; aYð Þ ð1Þ

where u and v are velocity in X- and Y-directions and the

so-called strain rate, a, represents the velocity gradient at

the stagnation plane. Chemical kinetics of reaction is

assumed to be as follows:

vS S½ � þ vO O½ � ! vproduct P½ � ð2Þ

[S], [O] and [P] indicate fuel, oxidizer and product,

respectively, and v is the stoichiometric coefficient of

reaction. Neglecting the diffusion of solid particles, fuel

mass conservation will be in the form of

aX
dYs

dX
¼ xs

q
ð3Þ

where Ys and q show particle mass fraction and density,

respectively. xs is the reaction rate which is defined as [38]

xs ¼ Ys � Yo � k0 � exp � Ea

RT

� �
ð4Þ

where Yo, k0, Ea, R and T are oxidizer mass fraction, pre-

exponential factor of the reaction, reaction activation

Reaction

Initiation of burning

A
ll particles burnt

O
xidizer

F
uel and neutral gas

Fig. 1 Schematic of

counterflow configuration for

the non-premixed flame of

aluminum dust cloud and

oxidizer

Table 1 Thermophysical

properties of air and aluminum

used in the model

Air properties Value Unit References

Air properties

Density 1.164 kg m-3 [36]

Ambient temperature 300 K [36]

Heat capacity 1.005 kJ kg-1 K-1 [36]

Aluminum properties

Density 2707 kg m-3 [36]

Heat capacity 0.896 kJ kg-1 K-1 [36]

Ignition temperature Tig ¼ 34:5dp þ 789:1 K [37]
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energy, universal gas constant and temperature,

respectively.

�aX
dYO

dX
¼ DO

d2YO

dX2
� #

xs

q
ð5Þ

Equation 5 represents oxidizer mass conservation in which

DO and # are the oxidizer diffusion coefficient and the

stoichiometric mass ratio of oxidizer to fuel. Conservation

of energy equation is depicted below:

�aX
dT

dX
¼ DT

d2T

dX2
þ xs

Q

qC
ð6Þ

Here, Q is the heat released per unit mass of fuel during

reaction, DT is thermal diffusion coefficient which is equal

to k
qC, and C is the heat capacity of the mixture, calculated

from the relation below:

C ¼ Ca þ
4pr3Cpqpnp

3q
ð7Þ

where the subscripts a and p refer to air and particle,

respectively, and np is the number of particles per unit

volume.

Dimensionless form of equations

Some dimensionless parameters are used to unravel the

equations and gain a more comprehensive knowledge of

certain combustion characteristics. The parameters h, yS, yo
and x are the dimensionless forms of temperature, fuel and

oxidizer mass fraction and length, respectively.

h ¼ C T � T1ð Þ
QYS�1

; yS ¼ YS

YS�1
; yo ¼

YO

#Ys�1
;

x ¼ Xffiffiffiffiffiffi
k

qCa

q ð8Þ

where YS�1 is the initial mass fraction of the fuel. It is

required here to mention the so-called dimensionless Lewis

number, which represents the ratio of conduction to dif-

fusion. In this study, the Lewis number is assumed to be of

non-unit and its effects on the flame are investigated

thoroughly.

Le ¼ k
qCD

ð9Þ

Substituting the above parameters and reaction rate in

Eq. 4 to Eqs. 3, 5, 6 and performing algebraic operations,

general dimensionless conservation equations of fuel and

oxidizer mass fractions and energy yield:

x
dys

dx
¼ Dc � ys � yo � exp � Ta

T

� �
ð10Þ

x
dyO

dx
þ 1

LeO

d2yO

dx2
¼ Dc � ys � yo � exp � Ta

T

� �
ð11Þ

d2h
dx2

þ x
dh
dx

¼ �Dc � ys � yo � exp � Ta

T

� �
ð12Þ

LeO is the oxidizer Lewis number, Ta shows dimensionless

activation energy which is equal to E
R
, and Dc is defined as

below:

DC ¼ k0#OYS�1=WFa ð13Þ

#O is the number of moles of oxygen participating in the

reaction with one mole fuel, and WF is the molecular

weight of fuel.

Boundary conditions

As it was mentioned before, the combustion domain is

divided into three separate zones each of which has its own

form of conservation equations and boundary conditions.

The three zones are defined as:

Preheat zone: Z1 : �1\x� xf
Reaction zone: Z2 : xf � x� 0

Post-flame zone: Z3 : 0� x� þ1
xf shows the location in which reaction begins. Assuming

the above divisions, boundary conditions will be as

follows:

x ! �1 ys ¼ 1 yO ¼ 0 h ¼ 0 ð14Þ
x ¼ xf ys ¼ 1 yO ¼ 0 h ¼ hig ð15Þ

x ¼ 0 ys ¼ 0 yO ¼ 1 h ¼ h0 ð16Þ
x ! þ1 ys ¼ 0 yO ¼ 1 h ¼ 0 ð17Þ

h ¼ 0, hig, h0 correspond to ambient temperature, temper-

ature required for the particles to start to burn and the

temperature in the stagnation plane calculated from the

preheat zone.

Solution

• Z1 : �1\x� xf

This zone consists of particles exiting the fuel nozzle and

being preheated until they reach the reaction zone. As the

fuel temperature is under its ignition temperature, no

reaction occurs and, therefore, reaction term is deleted

from Eqs. 10, 11 and 12. According to Eqs. 14 and 15, the

conservation equations for this zone are solved as below:
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ys ¼ 1 ð18Þ
yO ¼ 0 ð19Þ

h ¼ hig
erfc �xf

2

� �
" #

erfc
�x

2

� �
ð20Þ

• Z3 : 0� x� þ1
This area includes the entry point of the oxidizer to the

combustion domain. Considering the fuels to be fully burnt

in this zone, no reaction occurs here, too. So the conser-

vation equations are acquired by the similar approach to

that of the Z1, which are given below:

ys ¼ 0 ð21Þ
yO ¼ 1 ð22Þ

h ¼ h0 � erfc
x

2

� �
ð23Þ

• Z2 : xf � x� 0

In this region, the particles have reached the ignition

temperature and burn heterogeneously and the three con-

servation equations for this zone are exactly the same as

Eqs. 10, 11 and 12. We have three coupled nonlinear dif-

ferential equations with four variables of yo, yS, T and xf,

for which no certain analytical solution is available. For the

purpose of solving the system, the position of xf should be

known which can be calculated from the jump condition

below. By performing algebraic operations on Eqs. 10 and

12, the following relation will be obtained:

d2h
dx2

þ x
dh
dx

¼ �x
dys

dx
ð24Þ

By numerically integrating the above equation on

x�f ; x
þ
f

	 

, initiation point of reaction will be known as a

function of dimensionless temperature and fuel mass

fraction. Consequently, a system of nonlinear differential

equations consisting of four equations and four unknowns

is achieved and solved by an iterative numerical method.

Solving the conservation equations for all three zones,

flame location and species mass fractions as well as tem-

perature distribution of the mixture are obtained for the

entire domain, which enables us to investigate the effect of

thermophoretic force as well as other forces exerted on a

single metal particle undergoing combustion in a non-

premixed counterflow configuration.

Particle motion analysis

The forces exerted on a single metal particle during non-

premixed counterflow combustion are studied one by one,

and Lagrangian equations of motion are utilized to predict

particles path as well as thermophoretic force impact on the

system. Calculating the velocity difference between the gas

and the particle and differentiation of the temperature

distribution achieved before, the path and velocity of a

single particle are gained analytically.

• Weight and buoyancy

The integration of gravity and buoyancy forces yields the

following relation:

FG þ FB ¼ � 4

3
pr3p qp � qg

� �
g ð25Þ

where qp and qg are densities of particle and air, respec-

tively. There are two extreme cases in the nature of the

particle and gas interactions, and the Knudsen number is

the best measure for the proper formulation to be consid-

ered. This number represents the ratio of the molecular

mean free path to the physical length scale. When this

number is equal to or larger than one, a free molecular

regime should be considered; otherwise, a continuum

regime will govern the problem. The Knudsen number is

defined as:

Kn ¼ 2k
dp

ð26Þ

in which dp and k are the particle diameter and mean free

path. k is formulated as

k ¼ l= /qg�c
� �

ð27Þ

where l is the viscosity of the gas and �c as the mean

thermal velocity of gaseous molecules is defined as below:

�c ¼ 8RT

pM

� �0:5

ð28Þ

Based on the model presented by Allen and Raabe [39], /
is equal to 0.491.

• Thermophoretic

A temperature gradient can exert forces on the particles and

make them diffuse. This phenomenon is called ther-

mophoresis and is equal to Suret effect in gas compounds.

Talbot et al. [40] have developed this relation for ther-

mophoretic force affecting a particle.

FT ¼ �3pldp#KT

rT

Tu
ð29Þ

KT ¼
2Cs

kg
kp
þ CT � Kn

� �

1þ 3Cm � Knð Þ 1þ 2
kg
kp
þ 2Ct � Kn

� � ð30Þ

where rT , Tu, #, kp, kg, Ct, Cs and Cm are temperature

gradient, ambient temperature, mixture kinematic
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viscosity, metal thermal conductivity, air thermal conduc-

tivity, thermal creep coefficient, thermal jump coefficient

and velocity jump coefficient, respectively. Batchelor and

Shen [41] have suggested these values for the three

coefficients.

Ct ¼ 2:2; Cs ¼ 1:147; Cm ¼ 1:146

As the Knudsen number for this specific problem is less

than 0.2, continuum regime is a more realistic assumption,

so the following relation is employed to calculate ther-

mophoretic force.

FT;continuum ¼ �6pl2dp
Cskg

kp þ 2kg

rT

qgTu
ð31Þ

• Drag

Drag force acts on the interface between the fluid and the

particle. When the particle moves inside the gas, an

interaction occurs between them. Shear stress is exerted on

the particle due to the effects of viscosity and vertical stress

triggered by the pressure gradient. Given the Stokes flow

assumptions which relate to small particles with the least

slip speed compared to the carrier gas, we have:

FD ¼ p
8
d2pCDqgU

2;CD ¼ 24

Re
ð32Þ

Therefore, the final equation for the drag force can be

calculated as follows:

FD ¼ �3pldpU ð33Þ

where U is the particle velocity and Re is the Reynolds

number.

Lagrangian equation of metal particle motion

Particles are considered to be scattered before they enter

the combustion domain, and no collision takes place

between them at the entrance. The spherical particle is

assumed to be flowing through an inert gas with constant

density toward the preheating zone. The particle initially

has the same velocity as the carrying gas, but density dif-

ference influences particle’s path over time. In the x-di-

rection, drag and thermophoretic forces are exerted on the

particle, while in the y-direction, there is no temperature

gradient, and therefore, the only forces that have an impact

on the particle are drag, weight and buoyancy. In Lagran-

gian method, the curves of motion of each particle are

obtained by integrating the following equations:

Ux ¼
dxp

dt
; mp

dUx

dt
¼ FDx

þ FT ð34Þ

Uy ¼
dyp

dt
; mp

dUy

dt
¼ FDy

þ FG þ FB ð35Þ

Substituting Eqs. 25, 31 and 33 in the above equations and

replacing dU
dt

with U dU
dx
, the general equations for the forces

in x- and y-directions are obtained as follows:

mp � U
dU

dx
¼ �3pldpU � 6pl2dp

Cskg

kp þ 2kg

rT

qgTu
ð36Þ

mp � U
dU

dy
¼ �3pldpU � 1

6
pd3p qp � qg

� �
g ð37Þ

The temperature gradient in Eq. 36 is calculated by

numerical differentiation of temperature distribution

obtained from Sect. 2.5. Solving the above equations

analytically, these two relations are achieved for the

velocity in x- and y-directions.

Ux ¼�

�6pl2dpCskg

mp kpþ2kgð Þ
rT
qgTu

� �
1þLambert � e

�1�
�
3pldp
mp

� �2

xð Þ

�6pl2dpCskg

mp kpþ2kgð Þ
rT
qgTu

�6pl2dpCskg

mp kpþ2kgð Þ
rT
qgTu

2
66664

3
77775

8>>>><
>>>>:

9>>>>=
>>>>;

� 3pldp
mp

ð38Þ

Uy ¼ �

�pld3pg qp�qgð Þ
6mp

� �
1þ Lambert � e

�1�
�
3pldp
mp

� �2

yð Þ

�pld3pg qp�qgð Þ
6mp

�pld3pg qp�qgð Þ
6mp

2
66664

3
77775

8>>>><
>>>>:

9>>>>=
>>>>;

� 3pldp
mp

ð39Þ

Finally, by integrating Eqs. 38 and 39 on the combus-

tion domain, particle path in the 2D coordinates is calcu-

lated numerically.

Results

The metal fuel used to investigate the non-premixed

counterflow combustion is aluminum particles with the

diameter of 5.4 lm, and the quantities of the parameters

employed in the conservation equations are extracted from

the studies [20, 38]. Besides, the inert gas flow carrying

aluminum particles are assumed to be nitrogen. Thermal

properties of air and aluminum particles are assumed to be

constant and are presented in Table 1.

To obtain the exact initiation point of reaction, the

ignition temperature of aluminum is extracted from the

results of Marino’s study [37]. He has correlated and

reported a relation for the ignition temperature of
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aluminum particles in terms of diameter which is depicted

below.

Tig ¼ 34:5dp þ 789:1 ð40Þ

The reaction that occurs during the combustion process is

as follows:

4Alþ 3 O2 þ 3:76N2ð Þ ! 2Al2O3 þ 11:28N2 ð41Þ

YS�1 is calculated in terms of number and diameter of the

particles as follows:

YS�1 ¼
4
3
pr3pnpqp

q
ð42Þ

Another definition used to report data is the mass con-

centration of the fuel which is defined as

Cm ¼ 4

3
pr3pnpqp ð43Þ

Figure 2 presents the flame temperature in terms of oxi-

dizer Lewis number for three different fuel mass concen-

trations. Lewis number represents the ratio of heat to mass

diffusion; therefore, an increase in oxidizer Lewis number

causes the deficiency in the oxidizer supply to the flame and

reduces the flame temperature. For example, a change in

oxidizer Lewis number of 0.6–1.4 lowers the temperature

from 2927 to 2485 K. Furthermore, as expected, increasing

the amount of fuel (concentration) leads to higher flame

temperatures. For oxidizer Lewis number equal to one, with

400 g m-3 increase in themass concentration of the fuel, the

flame temperature increases by 63%.

The impact of oxidizer Lewis number on the flame

initiation position for different fuel mass concentrations is

depicted in Fig. 3. As it is shown, the increase in oxidizer

Lewis number causes more thermal diffusivity compared to

mass diffusivity and, therefore, the amount of oxidizer

reaching the flame decreases, leading to a flame nearer to

the oxidizer nozzle. It can be observed that by increasing

the fuel concentration, the flame goes away from fuel

nozzle which is due to the increase in the heat required for

fuel to reach its ignition temperature.

Figure 4 indicates the temperature profile of the mixture

through the whole domain for three different concentra-

tions of the fuel and oxidizer Lewis number of 1. As shown

in the figure, the fuel and oxidizer temperatures, in the left

and right sides of stagnation plane, respectively, gradually

increase to reach the maximum flame temperature at x ¼ 0.

By the time that particle flares, due to the assumption of

Arrhenius model for the reaction and the presence of an

exponential term, the increase in temperature is accompa-

nied by a delay until particles reach the end of the reaction

region at x ¼ 0, and then returns to the ambient tempera-

ture. As can be seen in the figure, an increase in the con-

centration of the fuel leads to an increase in the maximum

temperature of the mixture, because of the more fuel

available for combustion, causing the initiation point of
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reaction approaching the oxidizer nozzle. Maximum flame

temperature for concentrations 200, 400 and 600 g m-3 is

2481, 2677 and 2927 K, respectively. As it was mentioned,

the ignition temperature of 5.4-lm aluminum particles is

calculated to be 975 K using Eq. 40.

Figure 5 outlines the path of aluminum particles with

different diameters and the carrier inert gas. As it was

mentioned before, particle enters the preheat zone with the

same velocity as the gas flow from the fuel nozzle at the

left side of the domain, but due to their density difference

over time, the path and velocity of the particle will vary

from that of the carrier gas. The black curve represents the

direction of carrier gas which is extracted from Eq. 1, and

the other curves indicate the deviation of particles paths of

each size aroused by the forces exerted on particles

including weight, buoyancy, drag and thermophoretic for-

ces. It is clear that by an increase in the particle diameter, a

greater deviation occurs to the extent that particles enter

the oxidizer zone after being burnt, which is due to the

greater inertia of particles.

Figure 6 indicates the effect of thermophoresis on a 5.4-

lm aluminum particle’s path undergoing the non-premixed

counterflow combustion. As can be seen, considering the

related thermophoresis term in the forces balance equation

leads to a direction less deviated from the inert gas flow. It

is because of the fact that mixture molecules nearer to the

stagnation plane own higher temperatures and therefore

higher kinetic energy, colliding more with the fuel particles

and pushing them down the temperature gradient.

Model validation

The inability to control the flame in non-premixed coun-

terflow combustion and the difficulties that arise in main-

taining safety issues are the main reasons why few

experimental studies have been conducted on the diffusion

flames, especially with the solid fuel particles. For the first

time, Julien et al. [42] investigated the laminar diffusion

flame of aluminum dust cloud in counterflow configuration

and measured the burning velocity in terms of fuel con-

centration. They compared the results obtained from their

experiments with previous data for stabilized flames,

spherically expanding flames and flames propagating in

tubes. In this study, in order to validate the proposed

model, the results of Julien’s study are used, the compar-

ison of which is shown in Fig. 7. The average particle

diameter in the test is 6 lm, and the diameter of the par-

ticles in the present model is considered to be 5.4 lm. In

order to verify the accuracy of the model, the burning

velocity of the particles was compared with the results of

study mentioned. In non-premixed counterflow combus-

tion, the flame forms where there is a balance between the

burning velocity and the local flow velocity; therefore, it is

determined by the relation Vb ¼ a � x. It is obvious that the
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model is able to predict the burning velocities with good

approximation given the uncertainties of the numerical

solution and simplifying assumptions. Julien et al.

acclaimed the independency of the burning velocity on the

mass concentration which is clearly repeated by the model.

Conclusions

A semi-mathematical model is developed for non-pre-

mixed combustion of metal dusts in counterflow configu-

ration. This is done by solving the energy and mass

conservation equations for each zone including preheat,

reaction and oxidizer zones which are defined based on

corresponding boundary and jump conditions. The model

indicates that increasing fuel mass concentration by 200%

or decreasing oxidizer Lewis number by 57% will result in

a 36% and 12% increase in flame temperature, respec-

tively. It also calculates the temperature distribution of

combustion domain and examines the effects of fuel mass

concentration and oxidizer Lewis number on the location

of the flame. In case of particle tracking, 2D Lagrangian

equations of motion are derived based on various forces

exerted on a single particle and its path and velocity are

achieved with respect to the carrier neutral gas. The results

showed that the thermophoretic force affects the particle

motion path by 3% and should not be neglected for this

particular velocity field and temperature distribution. Fur-

thermore, the model is satisfactorily successful in predict-

ing the combustion characteristics, which are consistent

with the experimental data available in the literature, and

the partial disputes are justifiable by the simplistic

assumptions of the model. Additionally, this model not

only gives an insight into the aluminum particle cloud, but

also is applicable for any metal dust acting as fuel in

counterflow configuration.
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