EPJ Web of Conferences 82, 01016 (2015)
DOI: 10.1051/epjconf/20158201016

C Owned by the authors, published by EDP Sciences, 2015

The crystallization processes in the aluminum particles
production technology
Vladimir Arkhipov1,2 , Sergey Bondarchuk1,2 , Victor Goldin1 and Irina Zharova1,a
1

Tomsk State University, Scientific Research Institute of Applied Mathematics and Mechanics, Tomsk,
Russia
2
Institute for Problems of Chemical & Energetic Technologies of the Siberian Branch of the Russian
Academy of Sciences, Biysk, Russia

Abstract. The physical and mathematical model of the crystallization process of liquid
aluminum particles in the spray-jet of the ejection-type atomizer was proposed. The results
of mathematical modeling of two-phase flow in the spray-jet and the crystallization process
of fluid particles are given. The influence of the particle size, of the flow rate and the
stagnation temperature gas in the ranges of industrial technology implemented for the
production of powders aluminum of brands ASD, on the crystallization characteristics
were investigated. The approximations of the characteristics of the crystallization process
depending on the size of the aluminum particles on the basis of two approaches to the
mathematical description of the process of crystallization of aluminum particles were
obtained. The results allow to optimize the process parameters of ejection-type atomizer
to produce aluminum particles with given morphology.

1. Introduction
Optimization of technologies for the production of highly dispersed metal powders is important in
view of a sustainable trend for extending the application of powder materials. In particular, powders of
aluminum are used as materials of high-energy combustible components [1–3]. Gas-dynamic dispersion
jet of molten metal by ejection-type atomizer is the most common industrial technology of a large
number of ways to obtain highly dispersed metal powders [4–7]. Production of metal powder by
ejection-type atomizer include spray melt to form the liquid polydispersed particles, motion and
crystallization of the liquid particles in the flow of the spray gas. Existing technology of industrial
production of aluminum powders brands ASD [8] provides content of highly dispersed fraction ∼18%
(particle diameter less than 10 ) in the spray ejection-type atomizer. Improvement of the existing
technology spraying of the melt aluminum by compressed gas is needed to increasing the yield of
the particles of highly dispersed fraction and for increasing of homogeneity of the dispersed particles
composition of the final product. A number of scientific and practical problems arise in this case.
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Figure 1. The scheme of the block of the ejection-type atomizer. 1 – A melt flow channel; 2 – A atomizing gas
flow channel.

Figure 2. The spray-jet of the ejection-type atomizer.

Investigation of the influence of the time and the dynamics of the phase transition on the aluminum
particles morphology refers to the number of such problems.
The results of mathematical modeling of two-phase flow in the spray jet and of the crystallization
process of liquid aluminum particles are given in this paper.
The scheme of the block of the ejection-type atomizer and photo of the spray-jet are shown in
Figs. 1, 2.
The molten metal is fed through the central channel 1 and flows out of the outlet section as an
annular jet. The flow of hot gas (nitrogen) is supplied through the annular channel 2. Estimates of the
liquid jet stability indicate, that its decomposition occurs with the formation of polydisperse aerosol in
the immediate vicinity of the outlet to working chamber. that its decay occurs with the formation of
polydisperse aerosol in the immediate vicinity of the outlet to working chamber.

2. Modeling of the liquid particles aluminum crystallization in the
spray-jet of the ejection-type atomizer
The physical model is based on the following assumptions. Fluxes of mass, momentum and energy of
the gas comes from the annular injector nozzle for the given stagnation gas parameters with critical
parameters corresponding to the value of the Mach number M = 1. The flow of gas occurs in a mode
of insufficient expansion, since the static pressure in the jet at the nozzle outlet is more than in the
environment, pg > pe . The process of heat transfer when the particles move in the gas jet is carried
out by convection predominantly, because the Biot number is Bi  0.1. Liquid particles are spherical.
Particle temperature is uniform in volume and depends only on time.
01016-p.2

Thermophysical Basis of Energy Technologies
In modeling took into account that the diameters of the liquid particles in the spray-jet are in the
range dp = (2 ÷ 50) l under the current technology for production of industrial aluminum powders
brands ASD.
The temperature regime of the particles in the collecting chamber was considered as a three- stages:
1) it’s cooling to a temperature of melting, 2) it’s crystallization, 3) it’s cooling to the temperature
environment in the chamber. Total time t , required to cooling to complete curing of the liquid particle,
was defined as the sum of the cooling time of the particle to the crystallization temperature (t1 ) and
crystallization time (t2 ). Relations for the approximate estimation of the time t1 and t2 were obtained
from the heat balance equation in the assumption of a constant gas temperature:
t1 =

ck k dp2
6N ug

t2 =

ln

T m − Tg
,
Tkr − Tg

qkr k dp2
6Nu(Tkr − Tg )k

,

where k , ck , k are the density, the specific heat capacity and coefficient of the thermal conductivity
of particle; g is coefficient of the gas thermal conductivity; Tg is the gas temperature; Tm , Tkr are the
initial temperature and the crystallization temperature of the particle; qkr is heat of the phase transition
(specific); Nu is the Nusselt number.
Heat transfer between the particle and the carrier gas jet is determined by Newton’s law in conditions
of convection:
q = (Tk − Tg ),
where  is the heat transfer coefficient; Tk is the temperature of particle.
The heat transfer coefficient for spherical particles in two-phase flow for Reynolds numbers in the
range of Re≥ (150 ÷ 3 · 104 ) determined by the formula [9]:
Nu = 0.62 Re0.5 .
The investigated process was modeled under the assumptions made using two approaches. Solution of
the problem of the outflow of the gas jet to the working chamber was considered in the first approach in
the formulation based on the inviscid Euler equations in the perfect gas:
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where x, r are the axial and radial coordinates; t is the time;  is the density; ug , vg are the axial and
radial velocity components; pg is the pressure; h is the static enthalpy (specific),
 pg
,
h=
 − 1 g
where  is the adiabatic index; E is the total energy per unit mass,
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Figure 3. Mach number in the flow region of gas.

Stagnation gas parameters and Mach number were given on the entrance to the channel 2 (see
Fig. 2). Symmetry conditions were set on the jet axis, the conditions of impermeability were set on
solid walls, the environment pressure pe was set at the outer edge.
Dynamics of particles in the gas phase was calculated under the trajectory approach.
Influence of particles dynamics on the gas parameters was taken into account in the second approach.
Euler equations in the one-dimensional approximation were solved simultaneously with the equations
for multicomponent “gas” of particles [10, 11]. Change in cross-sectional jet diameter was taken into
account before the first Mach disc, further the diameter of the cross section of the jet was considered as
constant. The mutual influence of phases was taken into account with the help of relations describing
the interphase exchange of momentum and energy.

3. Analysis of the numerical results
Influence of parameters of spray gas (nitrogen) on the main characteristics (crystallization time and the
distance from the exit section) crystallization of aluminum droplets of different sizes was investigated
in numerical experiments.
Parametric calculations were performed for fixed values of the width of the annular channel
H = 0.54 mm and of the area of the annular exit section nozzle Sc = 27 mm2 . The following parameters
of the spray gas were varied, the volumetric consumption Q = (600 ÷ 900) m3 /h, the stagnation
temperature T0 = (500 ÷ 600)°C. The consumption of the molten metal amounted to 150 kg/h, the film
thickness of the melt at the outlet of the chamber amounted to 70 mm, velocity of the film amounted to
5 m/s.
The task of (1) was solved using the software package ANSYS Fluent version 13.0 in axisymmetric
formulation (first approach). Unsteady explicit method Rowe with the first order of approximation in the
space variables and the time was used as a method of solution. The results of one of the calculations are
shown in Figs. 3, 4 for the following values of the flow parameters at the channel inlet: the stagnation
temperature T0 = 773 K, pressure p0 = 6.08 · 106 Pa, the Mach number M = 0.055.
The results of numerical research, obtained on the basis of the second approach with the particle
diameter dp = 25  at the stagnation temperature T0 = 575 C and for various flow velocities of the
spray gas, are shown in Figs. 5–8.
The main characteristics of the process such as the time t0 and the coordinate x0 along the jet
axis, corresponding to the beginning of crystallization, t duration of the process and length of the
section S of crystallization, were calculated when analyzing the influence of gas consumption Q and
the stagnation temperature T0 on the crystallization of aluminum particles. The results of calculations
were approximated using power dependences of the form:
 
f dp = adpb ,
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Figure 4. The temperature distribution.

Figure 5. The change of the gas velocity along a jet depending on the gas consumption.

Figure 6. The change of the particles velocity along a jet depending on the gas consumption.

where f (dp ) is one of the four characteristics of crystallization; [dp ] = , the particles diameters
are in the range dp = (2 ÷ 50) l; a, b are the approximation constants. The resulting constants of
approximation when the gas consumption Q = (600 ÷ 900) m3 /h are shown in Table 1.
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Figure 7. The change of the gas temperature along a jet depending on the gas consumption.

Figure 8. The change of the particles temperature along a jet depending on gas consumption.
Table 1. The constants of approximation for the crystallization characteristics.
Q, m3 /h

t0 , ms

t , ms

x0 , cm

S, cm

600

0.17 · 10−2 dp1.790

0.34 · 10−2 dp1.836

0.36 · 10−1 dp1.741

0.227dp1.465

700

0.16 · 10−2 dp1.784

0.33 · 10−2 dp1.841

0.36 · 10−1 dp1.743

0.231dp1.462

800

0.16 · 10−2 dp1.780

0.32 · 10−2 dp1.848

0.36 · 10−1 dp1.747

0.233dp1.462

900

10−2 dp1.777

10−2 dp1.844

10−1 dp1.753

0.235dp1.465

0.16 ·

0.32 ·

0.35 ·

4. Conclusion
Analysis of the results of numerical studies of crystallization of aluminum particles in the spray-jet of
the ejection-type atomizer showed:
– the flow rate and the stagnation temperature of the spray-jet gas in the ranges, which realized in
the industrial technology for producing aluminum powders of brands ASD, have practically no
influence on the characteristics of crystallization – the crystallization process mainly depends on
the particle size;
– begin time of crystallization increases from 6 ls to 1.9 ms with increasing the initial particle size of
2 to 50 ;
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– the initial coordinate of crystallization is increased in the range (0.12 ÷ 33) cm with increasing the
initial particle size of 2 to 50 ;
– the crystallization duration increases in the range (0.01 ÷ 4.5) ms with increasing the initial particle
size of 2 to 50 ;
– the crystallization length increases in the range (0.6 ÷ 7) cm with increasing the initial particle
size of 2 to 50 ;
– these parameters allow you to completely define the morphology of the particles formed of
aluminum.
The proposed physical-mathematical model of the process of crystallization of liquid aluminum
particles in the spray-jet of the ejection-type atomizer and obtained crystallization process characteristics
approximations (duration of the crystallization process, the time and the coordinate along the jet axis,
corresponding to the beginning of crystallization, the length of crystallization section) of the particles
size of the aluminum allow to optimize the process parameters by the ejection-type atomizer for
producing aluminum particles with given morphology.
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