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The article is devoted to the numerical solution of the problem of the combustion of powder metal fuel in a 

combustion chamber with swirling flow. A physico-mathematical model of the flow of an air suspension of 

aluminum powder in a swirling flow in a cylindrical combustion chamber with a sudden expansion is presented. 

The physical and mathematical formulation of the problem is based on the approaches of the mechanics of two-

phase reacting media. The solution was carried out using the arbitrary discontinuity decay method. The results of 

a numerical parametric study of the features of the combustion of an air suspension of aluminum powder 

depending on its composition, the axial flow rate of the mixture at the entrance to the combustion chamber, and 

the value of the swirl speed are shown. 
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Introduction 

Aluminum is one of the most popular metals currently used in powdered metallic fuels. The studies [1 - 

6] propose using aluminum powder as an independent energy carrier in ramjet rocket engines. The studies 

provide the results of the experimental and numerical investigation on the influence of the mixture 

parameters and characteristics of the combustion chamber on the combustion of the aluminum powder-air 

suspension (ALAS) in the airflow. The research [1] is devoted to the ignition, combustion and flame 

stabilization processes of the aluminum-air mixture in a high-speed airflow. The study summarizes the 

controlling methods of the highly dispersed aluminum combustion in the direct-flow combustion chamber. 

The paper [2] presents the physical-mathematical model and the results of the numerical modelling of the 

aerodynamics and combustion of the aluminum-air mixture in a swirling flow inside an axisymmetric 

channel with a sudden expansion. The probability of the reverse flow formation in the chamber is shown. 

The studies [3, 4] investigates the critical conditions for the ignition of an ALAS and the effect of the 

turbulence on the formation of the ignition sites. The manuscript [5] provides the experimental data on the 

effect of swirl flow on the length of the reverse flow zone, temperature and length of the flame. The region 

of the aluminum powder stable combustion in a high-speed airflow is determined in [6]. The authors of the 

study have obtained the dependence of the flame blow off velocity in the aluminum-air mixture flow on the 

value of the excess air ratio. 

Swirling combustion is currently one of the most important engineering problems for the combustion 

physics. There is a hypothesis about an increase in the combustion efficiency of reacting gas mixtures in 

combustion chambers with swirling flow [7], as well as an increase in the efficiency of the fuel combustion 

devices due to swirling [8 - 11]. It is believed that swirling leads to the intensification of the heat and mass 

transfer and, accordingly, to an increase in the efficiency of the gas-dispersed fuel combustion. Usually to 

simulate the swirling flows, the Reynolds equations [9] or the Navier-Stokes equations [7] are used. 

Our previous studies [12, 13] are dedicated to the combustion problems of the mixed solid fuels under a 

change in pressure [12] and under the high-speed blowing [13]. The present study is devoted to the 

combustion problem of the high-energy materials in the high-speed swirl flows. The interest of such problem 

is associated with the development of new methods to improve the efficiency of the power-producing units. 

In this paper we have investigated the features of the ALAS flow and its combustion in a cylindrical channel 

with a sudden expansion and under the swirling conditions at the channel inlet. This problem is of practical 

importance, since, depending on the parameters of the suspension and swirl flow, stagnant zones can form in 

the cylindrical channel during the combustion (zones of particle accumulation or particle-free zones). In case 
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of power-producing units, the irregularity of the particle distribution along the flow can significantly affect 

the speed of flame propagation through the channel.  

A sudden expansion of the cylindrical channel can lead to a change in the characteristics of the air 

suspension flow. Gas swirling at the inlet of the channel also significantly changes the nature of the air 

suspension flow. In contrast to the study [3], the formulation of the problem in the present paper is based on 

the approaches of the mechanics of the two-phase reaction media [14]. 

1. Physics and mathematics model and solution method 

The problem of the aluminum particles-air suspension flow and its combustion in a cylindrical channel 

with a sudden expansion is solved. The problem formulation is based on the approaches of the mechanics of 

the two-phase reaction media [14]. The initial gas tangential velocity is set to take into account the swirl of 

the flow. It is assumed that the aluminum-air suspension with the given mass fraction of the aluminum 

particles, particle radius rp, velocity along the axial direction uxb, zero velocity along the radial direction and 

velocity uφ along the tangential direction is supplied from the inlet on the left side of the channel. The 

schematic diagram of the cylindrical channel is shown in Figure 1 (the notations are: R is the radius of the 

channel at the outlet, r is the radius of the channel at the inlet, l is the length of the narrow section of the 

channel, L is the total length of the cylindrical channel). The arrows show the direction of the suspension 

feeding into the channel. 

 
Fig.1. Scheme of the cylindrical channel with a sudden expansion/ 

 

Since the convective heat and mass transfer is much greater than the one by thermal conductivity and 

diffusion, the diffusion and heat conduction processes in gas phase are neglected.  There is an ignition source 

with constant heat release inside the channel in the narrow section of the channel, schematically indicated by 

a shaded area (Figure 1). The rate of the heat release inside the chamber is equal to Q. The suspension flows 

through the chamber, heats up, and the heated aluminum particles start to ignite. The combustion mechanism 

of the aluminum particles is described in detail in [15 - 17]. The aluminum particles are supposed to ignite 

when they reach the ignition temperature Tpz. The rate of the heterogeneous chemical reaction on particle 

surface is defined taking into account the mass transfer. It is assumed that during the combustion of an 

aluminum particle, the radius of the melted aluminum in the particle rAl decreases, while as the radius of the 

whole particle rp grows due to the forming oxide layer. The thermal and dynamic interactions between 

aluminum particles and gas phase are taken into account under the assumption of the model. The developed 

mathematical model under the made assumption has the following form: 

gas mass-conservation equation: 

g g g g gr r u r v
rG

t x r

∂ ∂ ∂
+ + = −

∂ ∂ ∂
ρ ρ ρ

, 
   (1)

gas impulse-conservation equation: 

( )2

g g gg g g g g

x g

r p ur u r u v
r rGu

t x r

∂ +∂ ∂
+ + = − −

∂ ∂ ∂

ρρ ρ
τ , 

(2)

( )2

2 ,
g g gg g g g g

r g g g

r p vr v r u v
r rGv p w

t x r

∂ +∂ ∂
+ + = − − + +

∂ ∂ ∂

ρρ ρ
τ ρ  (3)

,
g g g g g g g g

g g g g

r w r w u r w v
r rGw w v

t x r

∂ ∂ ∂
+ + = − − −

∂ ∂ ∂ φ

ρ ρ ρ
τ ρ  (4)

oxygen mass-conservation equation: 
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2 22 O g O gO
r u r vr

rG
t x r

∂ ∂∂ + + = −
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ρ ρρ
 (5)

gas energy-conservation equation: 

( ) ( )

( ) ( )2 2 20.5 ,
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.. 

(6)

particle mass-conservation equation: 

p p p p pr r u r v
rG

t x r

∂ ∂ ∂
+ + =

∂ ∂ ∂
ρ ρ ρ

 (7)

particle impulse-conservation equation: 

2
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(10)

particle energy-conservation equation: 

( )
( )2 2 20.5 ,
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(11)

particles number equation: 

 0
p p p p prn rn u rn v

t x r

∂ ∂ ∂
+ + =

∂ ∂ ∂
 

 

(12)

the gas equation: 

g g g gp T R= ρ , (13)

initial conditions: 

( ) ( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( )2 2

, ,0 , ,0 , ,0 , ,0 , ,0 , ,0 0,
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, ,0 , , ,0 ,
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p p p g b

g gb O O b gb

u x r v x r w x r u x r v x r w x r

n x r x r T x r T x r T

x r x r a

= = = = = =

= = = =

= =

ρ

ρ ρ ρ ρ
 

 

(14)

Boundary conditions on the symmetry axis, r = 0: 

 
(15) 

Buk
eto

v u
niv

ers
ity



50   ISSN 1811-1165 (Print);  2413-2179 (Online)  Eurasian Physical Technical Journal, 2021, Vol.18, No. 12(36) 
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The following initial conditions (16) are set at the inlet of the channel (х = 0): the enthalpy, the gas and 

particle flow rate, the axial, radial and tangential velocity of the gas and particles, the mass concentration 

of the oxidizer in the gas and the number of particles. 

( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

2 2
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w r t w r t u A r R u n V

= = = =

= = = = =

= = = =φ

ρ ρ ρ ∆ ρ

∆ ρ ρ

 
 

(16) 

Atmospheric pressure is assumed at the outlet of the channel (x = L). 

The notations in Eqs. (1) – (16): ( ) ( )2 2 21 0.5g g g g g gp u v w= − + + +ε γ ρ  is the gas total energy, 

( )2 2 20.5p p p p p p p pc T u v w= + + +ε ρ ρ  is the particle total energy, ( )2p p g pNu r=α λ  – is the gas-particle heat 

exchange coefficient, pg vgc c=γ  is the adiabatic exponent, , ,x r φτ τ τ  are the friction force along axial, radial 

and tangential direction, respectively, ρ is the density, u, v, w – are the velocity components along axial, 

radial and tangential direction, respectively, t is the time, x, r are the coordinates, p is the pressure, T is the 

temperature, Azis the constant of the swirling law, Δp is the particle mass fraction in the mixture, Qchis the 

reaction heat effect; aO2 – oxidizer mass fraction in the gas phase. Indexes: b is for the initial conditions of 

the parameters; p is for the particle parameters, g – gas parameters, O2 – oxygen,st – parameters at the inlet. 

The current values of the aluminum radius in the particle rAl and the whole particle radius rp are 

determined as in the studies [16, 17] and are defined from the expressions: 

 

( )
3

3
0

3 2 2

4 3 3

pAl O Al
Al pb

Al p p O

r r
n

 += −  
 

ρµ µ µ
µ π ρ µ

,

 (17)

3
0

3

4

p

p

p p

r
n

=
ρ

π ρ
,

 (18)

where μO, μAl are the molar masses of oxygen and aluminum, respectively, 0

pρ  is the density of aluminum, 

pbr  is the initial radius of the aluminum particle. Deriving the Eg. (17), we have assumed that the alumina 

(Al2O3) remaining on the particle surface as a spherical layer. This assumption is introduced to determine the 

current value of the aluminum mass in a particle during its combustion. The aluminum particle burning rate 

is defined from the experimental data [15]. Taking into account the diffusional resistance of the reaction, the 

mass change rate of aluminum in the particle is written as: 

( )
( )( )

2,0

1

2,

O Al m

p p Al

O Al m

k a r
G n S

k a r
=

+

β
α ρ

β
 (19)

where ( ) 0.9

2, 0 2O Al O Alk a r k a r=  is the combustion law of a single aluminum particle under the excess of the 

oxidizer, 24Al AlS r= π  is the area of the unreacted aluminum surface, k0 is the reaction rate constant, 

( ) ( )m g D g g pT Nu c r=β λ ρ  is the particle mass-transfer coefficient.  
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The friction force along the axial direction is determined from the expression x p xn F=τ  [14, 15], where 

( ) 2x x m g g p g pF C S u u u u= − −ρ  is the interaction force of a single particle with gas along the axial 

direction, ( )0.68224 1 0.15Re Rex x xC = +  is the friction coefficient, Re 2x g p g pr u u= −ρ η  is the Reynolds 

number, Sm is the midsection area, η is the dynamic viscosity of the gas. The components of the friction force 

along the radial and tangential directions are determined in a similar way. 

The developed mathematical model has been solved numerically using the S.K. Godunov's scheme and 

is based on algorithms [18, 19]. The size of the computational grid cells along the axial and radial directions 

is equal to 10-3m. The time step is determined from the Courant stability criteria [19]  

1 1 1

x rt t t
< +

∆ ∆ ∆
, 

where
max

x
x

g g

h
t

u c
=

 + 

∆ , 
max

r
x

g g

h
t

v c
=

 + 

∆ , cg  is the sound velocity in gas.  

The verification of the numerical solution for the equations system (1) - (16) and the developed 

computer program for the reliability has been carried out by calculating the adiabatic combustion 

temperature and controlling for the conservation laws of  the mass and total energy of the gas. According to 

the verification, the calculation error is about 0.03%. 

2. Results and discussion 

We have carried out the parametric investigation on the effect of the swirling on the establishment of 

the ALAS combustion front in the channel and on the completeness of the particle combustion. The variable 

parameters in the calculations are the size and mass concentration of the particles, the value of the axial and 

angular velocities of the aluminum-air suspension supplied to the channel. All the calculations have been 

conducted under the following thermophysical and kinetic parameters borrowed from [17]: 

Q = 36.6 МJ/kg,k0 = 1.11·10-6 m1.5/s, 1 0.889=α , λst = 0.025 W/(m·K), Tb = 300 K, 327 10 /Al kg mol−= ⋅µ , 
316 10 /O kg mol−= ⋅µ , cpg = 1065 J/(kg·K), cvg = 768.2 J/(kg·K), cp = 904 J/(kg·K), 0 32380p kg / m=ρ , 

η = 2·10-5 Pa·s, 3

2, 0.264O b kg / m=ρ , pb = 0.1 MPa, b b g bp R T=ρ , Tpz = 1400 K, r = 0.02 m, R = 0.1 m, 

L = 0.3 m, l = 0.03 m.  

The results of some calculations are presented in Figures 2-9. Figures 2 - 9 are plotted for the steady-

state regimes of the ALAS flow and its combustion. Figure 2 shows the stationary combustion regime for the 

ALAS in the case when the swirling is implemented according to the law ( ) ( )0, , /g z xbw r t A r R u= , where R 

is the radius of the cylindrical channel, Az is the coefficient in the swirling law, uxb is the axial feed velocity. 

The calculation has been performed for the suspension with the axial feed velocity uxb = 1 m/s, under the 

coefficient of the angular component of the flow velocity, Az  = 75, under the mass concentration of the 

particles - ρpb= 0. 1 kg/m3, and with particle radius rpb= 5·10-6m. Figure 2a shows the gas temperature in the 

channel, Figure 2b shows the mass concentration of the suspension. Under the selected swirl coefficient, the 

maximum angular velocity of the air suspension is ,max 1.5 /u m s=ϕ . 
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Fig.2. Gas temperature (a), mass concentration of the suspension (b),  

ρpb= 0.1 kg/m3, rp=5·10-6 m, ub=1 m/s, Az = 75. 
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In this case, the maximum concentration of the particles is observed at close range from the inlet of the 

channel at the height corresponding to the width of the inlet. The region of the maximum gas temperature is 

straight after the channel expand at x = 0.04 m. With an increase in the particle mass concentration of the 

supplied mixture (Figure 3), the maximum temperature reached in the channel rises. The shape of the flame 

front remains practically unchanged. From a comparison of Figures 2a and 3a, it can be seen that the heated 

gas zone stretches along the channel radius and slightly curves. Under the selected ratios of the axial and 

angular components of the mixture feed velocity at the inlet, the particles enter the combustion zone, ignite 

immediately at the entrance to the expanding part of the channel, and then are carried downstream by the 

flow. The main mass of the particles is concentrated along the mixture feed line (Figures 2b, 3b).  

Figures 4, 5 show the calculation results in the case of a decrease in the mass concentration of 

aluminum particles in the supplied mixture. The coefficient of the angular component of the feed velocity in 

this calculation is Az= 50, thus the maximum value of the angle velocity is 1 m/s. Figure 4a shows the gas 

temperature under the mass concentration of the aluminum particles ρpb = 0.05 kg/m3, Figure 5a −ρpb = 0.075 

kg/m3. Figures 4b, 5b show the distributions of the mass concentration of the particles under ρpb  = 0.05 kg/m3 

and ρpb  = 0.075 kg/m3. Under the chosen calculation parameters, the shape of the combustion front and the 

spatial distribution of the particles change. 
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Fig.3. Gas temperature (a), mass concentration of the suspension (b),  

ρpb= 0.15 kg/m3, rp= 5·10-6 m, ub=1 m/s, Az=75. 
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Fig.4. Gas temperature (a), mass concentration of the suspension (b), 

 ρpb= 0.05 kg/m3, rp = 5·10-6 m, ub = 1 m/s, Az = 50. 
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Fig. 5. Gas temperature (a), mass concentration of the suspension (b), 

ρpb= 0.075 kg/m3, rp=5·10-6 m, ub=1 m/s, Az = 50. 
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In the case of the low mass concentrations of the aluminum powder and high angular velocities of the 

supplied mixture at the inlet, the formation of the combustion front is observed along the axial direction of 

the mixture supply. The edge of the front corresponds to the width of the input channel (Figure 6). Figure 7 

shows the particle velocity vector corresponding to the case plotted in Figure 6. Due to the high feed rate and 

high angular velocity component, the flame front is formed at a distance from the inlet channel at x = 0.06 m. 

Qualitatively similar results had been obtained earlier in [20], where we had investigated the combustion of 

the coal dust-air suspension in a channel under the swirling flow conditions. In the study, we had conducted 

the numerical investigation on the influence of the flow swirling velocity on the gas temperature distribution 

inside the channel without expansion and on the completeness of the coal dust combustion. It had been 

shown that a particle with the low inertia is carried away by the swirling flow. 
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Fig.6. Gas temperature (a), mass concentration of the suspension (b), 

ρpb= 0.075 kg/m3, rp = 5·10-6 m, u=3 m/s, Az = 50. 

 
 

 
Fig.7. Velocity vector of the particle motion, ρpb= 0.075 kg/m3, rp = 5·10-6 m, ub = 3 m/s, Az = 50. 
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Fig.8. Gas temperature (a) and mass concentration of the suspension (b), 

ρpb= 0.075 kg/m3, rp = 10-6 m, ub = 10 m/s, Az = 75. 

 

To study the effect of the aluminum particle size on the shape of the flame in the channel, we have 

conducted several calculation of the ALAS combustion with different particle radii ranged from 10 to 1 μm. 

The results of two example calculation are shown in Figures 8, 9. Figure 8 shows the gas temperature and 

mass concentration of the aluminum powder along the channel during the ALAS combustion under the mass 

concentration ρpb= 0.075 kg/m3, particle radius 10-6m, the feed velocity ub= 10 m/s, and the coefficient of the 

angular component Az = 75. The intense swirl of the feed flow leads to a lifting of a certain fraction of the 
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particles closer to the wall of the wide part of the channel. According to the Figure 8, the combustion front is 

formed along the central part of the channel and in the area near the wall of the wide part of the channel. 
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Fig.9. Gas temperature (a) and mass concentration of the suspension (b),  

ρpb= 0.075 kg/m3, rp = 10-5 m, ub = 5 m/s, Az = 150. 

 

Figure 9 shows the calculation results of the ALAS combustion with the particle radius of 10 μm, under 

the particle mass concentration of 0.075 kg/m3, the feed velocity ub= 5 m/s, and the coefficient of the angular 

component Az = 150. The maximum speed along the tangential direction for Figures 8 and 9 was 150 m/s. 

The particles with the radius of 10 μm have a sufficiently high inertia, which leads to their lag behind the gas 

and the formation of the zones of the increased particle concentration close to the channel walls. This effect 

provokes the formation of a curved flame front with the temperature maximum distant from the channel 

walls. 

Conclusion 

Thus, a physical and mathematical model has been developed for the combustion of an air suspension of 

aluminum powder in a channel with a sudden expansion during swirling of the flow. The model is based on 

the approaches of the mechanics of two-phase reacting media of R. I. Nigmatulin, and is written in a two-

dimensional axisymmetric approximation, taking into account the swirl of the flow along the angular 

coordinate. The system of equations of the mathematical model is solved numerically by S.K. Godunov and 

A.N. Kraiko. Verification of the numerical solution of the system of equations showed that the laws of 

conservation of mass and total energy are satisfied with an accuracy of 99.97%. 

 The influence of the value of the angular velocity of swirling of the flow at the entrance to the 

combustion chamber, the mass concentration and size of particles in the air suspension on the shape of the 

combustion front and the completeness of combustion of aluminum particles is studied numerically. The 

critical values of the swirling speed, leading to the sowing of aluminum particles onto the walls of the 

combustion chamber, have been determined. It is shown that, depending on the swirl rate of the air 

suspension feed at the entrance to the combustion chamber, the combustion front can be formed in the 

vicinity of the feed zone or be elongated along the channel axis. At high swirling speeds, part of the burning 

particles is thrown behind the channel turn, which leads to the curvature of the flame front, a two-front 

combustion mode arises, when the combustion fronts are formed in the center and at the periphery, between 

the center and the stacks of the burner. The developed physical and mathematical model of combustion of an 

air suspension of aluminum powder in a channel with a sudden expansion can be used for a preliminary 

analysis of the design parameters of burners on powder metal fuel.  
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