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ABSTRACT

The calculation of the velocity and temperature of solid particles in the process of cold gas dynamic spraying is
considered. The movement of the carrier gas in the de Laval nozzle and in the space between the nozzle exit and the
substrate surface is determined by one-dimensional isentropic approach and by CFD method that comprising a solution of
Euler and Reynolds Averaged Navier-Stokes (RANS) equations using a commercial package Ansys CFX. Particle velocity
and particle temperature are obtained as a functions of particle diameter and input pressure. In the nozzle similar results are
obtained by using a one-dimensional isentropic approach and the solution of the Euler equations. Calculated velocity of the
particle is slightly greater than the velocity obtained by solutions of the RANS equations. For small particles of 1 micron
in diameter, in the space between the nozzle exit and the substrate surface there are the large speed reduction and large

particle heating due to of the bow shock near the substrate.

Keywords: cold gas dynamic spray, computational fluid dynamics, two-phase flow, solid particle, velocity, temperature.

INTRODUCTION

Cold gas dynamic spraying (CGDS or cold spray)
is a process in which powder particles of spraying material
are involved in high-speed gas flow. Particles accelerate in
the gas stream and impact with the substrate material to
form a coating [1 - 3]. Carrier gas is accelerated up to
supersonic velocities through converging-diverging de
Laval nozzle. Properties of the deposited coating and the
deposition efficiency are determined by the speed and
temperature of the particles at the time of impact [4 -7]
and by substrate temperature [8, 9].

Most researchers separates the calculations of
particle speed and temperature into two stages. In the first
step, parameters of the gas are calculated in the nozzle and
in the space between the nozzle and the substrate surface.
In the second stage, the calculation of particle velocity and
temperature is performed. It is usually assumed that the
particle concentration is so low that particles have no
influence on the characteristics of the gas flow [10 - 26].
Calculation of gas flows is carried out either based on one-
dimensional isentropic approximation [10 - 12], or by
Computational Fluid Dynamics (CFD) methods [12 - 28].

Basics of one-dimensional isentropic method of
gas velocity calculation in Laval nozzle are presented in
papers [3 - 5]. The application of this method of
calculation gives some overestimated values for the
particle velocities, because there is thick boundary layer
near the nozzle wall, so the one-dimensional
approximation is not valid. However, the correction,
proposed in papers [12, 29, 30] leads to the fact that the
estimation of the particle velocity becomes accurate.

Most of the CFD calculations were performed
using the Fluent commercial software. The Lagrangian
Discrete Phase Modeling (DPM) algorithm is
implemented in Fluent. Thus, the calculation of the gas

motion and the calculation of particle trajectory and
particle velocity can be carried out sequentially by Fluent
[12,17 - 28].

The flow in De Laval nozzle in the case of high
concentration of particles is not adiabatic and isentropic
because there is heat and momentum transfer between the
gas and particles. Earlier [31] we proposed one-
dimensional non-isentropic method of calculation of gas
parameters in De Laval nozzle.

In this paper, we propose low concentration of
particles and use CFD method for calculation of gas
parameters. We analyze the dependence of particle
velocity and temperature on particle size and input
pressure.

MATHEMATICAL MODEL OF PARTICLE
MOTION

Equations of motion of a single particle (1) under
the acting of aerodynamic force is taken from the [6, 7].
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where u, p and T are velocity, density and temperature of
the gas, v,, pp, T,, d, c are velocity, density, temperature,
diameter and specific heat of the particle, Nu is Nusselt
number, which depends on Reynolds number Re, Prandtl
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number Pr and Mach number M [27], Cp is drag
coefficient, k is thermal conductivity,

u-v, |d u—v
Re = u, Mol
7 a
where u is the gas viscosity, « is sound velocity.
Expression for Nusselt number was taken from

5

[27]:
Nu=2+044Re’> Pr/* exp(0.1+0.872M).

This expression is only valid for M > 0.24 and T
> T, . In all other cases, the Nusselt number does not
depend on Mach number:

Nu=2+ 0.44Re% Pr% .

Expressions for drag coefficient Cp were taken
from Henderson paper [32]. Drag coefficient Cp is the
function of Mach number M and Reynolds number Re:
CD= CD(M, Re).

If M < 1.0 then
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If M > 1.75 then
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If 1.0 <M <1.75 then:

C, =Cp(LRe) +§(M -1[C,(1.75,Re)- C, (1LRe)]  (4)

CFD METHOD

To calculate the motion of the particle using
system of equations (1) it is necessary to know the
velocity u and temperature 7 of the gas. For determination
u and T we used both CFD method and one-dimensional

isentropic calculations. Our CFD calculations were
performed using the Ansys CFX commercial software
[33]. On the inflow boundary the input pressure p, is set.
On the outflow boundary the average static pressure pw is
given. The slip (Euler equations) or no-slip condition
(RANS equations) and vanishing flux of heat are used on
the wall surface.

Solutions of Euler equations and Reynolds-
averaged Navier-Stokes (RANS) equations are obtained
with Ansys CFX - 13 finite volume solver [33] based on
high-resolution discretization scheme [34]. Implicit
second-order accurate backward Euler scheme is used to
solve for time steps. The standard model of turbulence k-®
SST [35] is used in solutions of RANS equations. We
considered axisymmetric flow in the convergent-divergent
nozzle and in the space between nozzle exit and substrate.
The sketch of the computational domain is presented in
Figure-1.

In the solution of RANS equations the mesh was
fined near the nozzle wall and near the substrate surface.
The non-dimensional thickness of the first mesh layer y* is
less than 1. Fragment of the mesh near the nozzle wall is
shown in the Figure-1 ). The mesh for Euler equations
has 89,118 eclements. Most of the solutions of RANS
equations are obtained with the mesh with 218,634
elements. However, a few calculations are carried out with
107,727 elements. Calculations demonstrated the

independence of the results on mesh size.

“

AVAVA _
OORR

Figure-1. Sketch of the mech. a) Common view of
computational domain. ) Fragment of the mesh
near the wall of the nozzle.
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CALCULATIONS

The nozzle has a circular cross-section, the length
of the converging part is equal to 50 mm and length of
diverging part is equal to 120 mm. Before converging part
there is cylindrical part. The length of cylindrical part is
equal to 0.05 m. The nozzle had the throat of 2.67 mm in
diameter. Exit diameter of diverging part was equal to 5.3
mm. We calculated the flight of copper particles, injected
across the inlet part of the nozzle at the distance from the
nozzle input x, = 0.07 m. The throat of the nozzle is at the
distance from the nozzle input x, = 0.1 m. The nozzle exit
is at the distance from the nozzle input x. = 0.22 m. The
substrate surface is situated at x; = 0.24 m. The diameter
of particles d was in the range from 1 pm to 125 pm. The
inlet pressure p, varied from 15 bar to 30 bar, inlet
temperature 7, = 773 K. The carrier gas was air. Specific
heat of air at constant pressure is equal to 1004.4 J / (kg
K). Molar mass is equal to 28.96 kg/kmol. We use the
Sutherland formula for molecular viscosity. We
considered the particle flight near the axis of the nozzle.
Initial particle velocity was equal to zero, initial particle
temperature was equal 20°C.

System of equations (1) was solved by fourth-
order Runge-Kutta method. Code was written in Pascal.

The solutions of RANS equations demonstrated
that there is thick boundary layer inside the nozzle. In
contrast, the one-dimensional isentropic approximation
and the solution of the Euler equations do not predict the
existence of the boundary layer. The system of shock
waves between the nozzle and the substrate in the
solutions of RANS equations is also different from the
system that gives the Euler equations. Figure-2 presents
the system of shock waves between the nozzle and the
substrate in the case of RANS equations.

““ANSYS
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Figure-2. Solution of RANS equations. Density gradient
image of the flow between the nozzle exit and the
substrate. Input pressure p, = 30 bar.

The bow shock near the sample surface
significantly affects on the rate and temperature of the
particle.

Figure-3 demonstrates the dependence of particle
velocity on distance from the nozzle input at input
pressure p, = 30 bar. Gas velocity and temperature are
calculated by three methods. One can see that one-
dimensional isentropic approximation and solution of
Euler equations give the same results inside the nozzle.
Solution of RANS equations gives somewhat smaller
particle velocity.
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Figure-3. Particle velocity as a function of a distance from
nozzle input. Input pressure p, =30bar. / -d=1pm, 2 -d
=8um,3-d=27um, 4 -d=064um, 5 -d=125 pm.

A significant deceleration of small particles
occurs in the final stage of flight between the bow shock
and the substrate surface. One can see in Figure-4 that
distance between bow shock and substrate surface for
RANS equations is less than for Euler ones.
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Figure-4. Particle velocity as a function of a distance from
nozzle input near substrate surface. Input pressure p, =
30bar. / -d=1pm, 2 —d=28 um.
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Similar dependences of particle velocity on

distance from the nozzle exit exist for other input pressure.

Figure-5 shows this dependence at input pressure p, =

15 bar.
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Figure-5. Particle velocity as a function of a distance from
nozzle input. Input pressure p, = 15bar. / -d=1pm, 2 -d
=8um,3-d=27pum,4-d=64 um, 5 -d=125 pm.

Deceleration of the small particle at the last stage
of the flight depends on input pressure p,. Figure-6
illustrates the dependence of impact particle velocity on
input pressure.

In general, particle velocity rises if input pressure
increases. However, deceleration of particle with diameter
d =1 pm rises too, and resulting particle velocity with
diameter d = 1 pm decreases with increasing of input
pressure. At p, = 30 bar impact velocity of particle with
diameter d = 1 um is than impact velocity of particle with
diameter d = 8 um. This phenomenon can be explained by
the change of shock configuration. Input pressure affects
the configuration of the shock waves and intensity of the
bow shock especially.
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Figure-6. Particle velocity near substrate as a function of
the input pressure. / -d=1um,2-d=8 ym,3-d=
27 pum, 4-d=64 um, 5 - d =125 pm.

Figure-7 shows the change of particle velocity in
the space between the nozzle exit and the substrate
surface. While small particles are significantly
decelerated, larger particles are slightly accelerated.
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Figure-7. Particle velocity at the nozzle exit and near the
substrate as a function of the particle diameter d. Input
pressure p, = 30 bar.

Figure-8 presents the dependence of the particle
temperature on a distance from the nozzle input.
Temperature of the smallest particle close on the gas
temperature.
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Figure-8. Particle temperature as a function of a distance
from nozzle input. Input pressure p, =30 bar. / -d =
lum,2-d=8um,3-d=27pm,4-d=64um,5-d=
125 pm.

In converging part of the nozzle small particle is
heated and then is cooled. The temperature of larger
particle does not reach the temperature of the gas in
converging part. In diverging part of the nozzle particles
of any sizes are cooled. At the nozzle exit the medium
particles with diameter d = 27 um have the maximum
temperature.

Figure-9 illustrates the change of particle
temperature in the space between the nozzle exit and the
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substrate surface. While small particles are significantly
heated, larger particles are slightly cooled.

400

\ —y—nozle exit
! - & -substrate

300+ FT==== -

200 +

-

(=]

o
1

Particle Tempersture [° C)

0 T T u T
0 30 60 20 120

Particle Diameter (um)

Figure-9. Particle temperature at the nozzle exit and near
the substrate as a function of the particle diameter d. Input
pressure p, = 30 bar.

CONCLUSIONS

In the nozzle, similar results are obtained by
using a one-dimensional isentropic approach and the
solution of the Euler equations. Calculated velocity of the
particle is slightly greater than the velocity obtained by
solutions of the RANS equations. This phenomenon can
be explained by existence of thick boundary layer near the
nozzle wall. If input pressure increases particle velocity
rises at the exit of the nozzle. However, in the space
between nozzle and substrate there is the system of shock
waves. If input pressure increases shock configuration
changes. Deceleration effect of the shocks leads to
decreasing of particle velocity for small particles.

For small particles of 1 micron in diameter, in the
space between the nozzle exit and the substrate surface
there are the large speed reduction and large particle
heating due to of the bow shock near the substrate.
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