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A Three-Dimensional Analysis of the Cold
Spray Process: The Effects of Substrate
Location and Shape
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A three-dimensional model of a Cold Gas Dynamic Spray system with a peripheral nonaxisymmetric powder
feeder is studied in this work. It is found that the stagnation pressure alternates for different substrate
standoff distances due to the nature of the supersonic flow interaction with the substrate. One can find the
optimum substrate location for any given operating condition, which results in minimum pressure buildup on
the substrate. The three-dimensional analysis sheds more light on the complex gas and particle flow fields
generated due to the three-dimensional particle injection process. In addition, the three-dimensional model
allows us to further investigate the effect of practical substrate shapes (such as convex and concave) on the
flow field and consequently to determine the optimum conditions to deposit coating particles.

Keywords cold spray process, fluid dynamics, numerical
modeling, particle dynamics, shock-particle inter-
actions

1. Introduction

The Cold Gas Dynamic Spray (CGDS) is a technology
used to deposit accelerated particles on a substrate. This is
a direct material deposition method that utilizes the kinetic
energy of particles. In comparison to Plasma and HVOF
(High Velocity Oxy-Fuel) processes, cold spray is a newly
emerged thermal spray process, which can be used for fine
particles typically between 1 and 60 um at temperatures
below the melting point. The coating quality is upgraded
with dense layers of coating with higher bonding force and
lower oxidation. The method was originally developed at
the Institute of Theoretical and Applied Mechanics of the
Russian Academy of Science in Novosibirsk (Ref 1).

The cold spray system is basically composed of a
converging-diverging DeLaval nozzle, a powder feeder, a
high-pressure gas tank and a gas heater. The compressed
gas expands and accelerates in the nozzle, developing a
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supersonic flow in the diverging section of the nozzle.
The particles are also injected into the nozzle, where they
are propelled and accelerated by the gas flow. There are
two different methods to introduce the particles into the
nozzle. In the first method, referred as Papyrin’s process
(Ref 2, 3), the particles are injected into the converging
section along the axis of the nozzle. In the second ap-
proach, particles are introduced downstream of the nozzle
throat at an angle of 45°, where the gas pressure is lower
than the ambient (Ref 4). The nozzle used in this simu-
lation uses the second method as the powder feeder is not
axisymmetric and is located after the nozzle throat.

At the exit of the nozzle, particles velocity may be as high
as 800 m/s when nitrogen is used as the carrier gas. How-
ever, after particles pass through a series of diamond shocks
and a strong bow shock formed on the substrate, their
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A Cross-sectional area of the particle, m?
Cp Drag coefficient
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Time, s

Velocity vector, m/s
Density, kg/m®
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velocities decrease drastically. The deposition efficiency is
usually around 50% as some of the particles are washed
away because of the presence of high velocity and high
pressure regions near the substrate. Also, some of them can
bounce off the substrate and escape into the surrounding
environment. Only those particles with a velocity larger
than a critical velocity (Ref 5) can successfully be deposited
on the substrate. Deposition efficiency is highly related to
the particle material and size distribution as well as the flow
field parameters.

One of the parameters that can improve the efficiency
is the particle normal velocity upon impact on the sub-
strate. This in turn, is influenced by the nozzle geometry,
stagnation temperature and pressure of the gas, particle
material, gas species, particle size and substrate location
and geometry. Many experiments and simulations have
been done to study the effect of the particle size and spray
angle (Ref 5) as well as the substrate geometry and loca-
tion in two-dimensional (Ref 6). Power et al. (Ref 7) and
Smith et al. (Ref 8) modeled the flow field of a sonic
nozzle. In this study, internal and external flow fields
where solved separately due to the choked flow inside the
nozzle. A one-way Lagrangian scheme was also used to
model the interactions between the gas and solid phases.
Similar studies were also performed by Oberkampf and
Talpallikar (Ref 9, 10), Yang and Eidelman (Ref 11),
Hassan et al. (Ref 12) and Dolatabadi et al. (Ref 13-15).

In this numerical study, however, due to the orientation
and location of the particle feeder, which is placed on the
periphery of the nozzle throat, and the substrate shape, a
two-dimensional simulation is not adequate to reveal all of
the aspects of the flow field and particles trajectory.
Therefore, a complete three-dimensional analysis using
Fluent 6.2.16 is conducted to find the effect of the sub-
strate geometry. The focus is also on the interactions of
the shock diamonds and the bow shock formed on the
substrate which results in different stagnation pressures at
different standoff distances. As this variation is not linear
and the pressure alternates with location, an optimum
standoff distance can be identified to obtain the best
particle velocity distribution upon impact on a substrate.

2. Numerical Methodology

2.1 Geometry

A schematic of the CGDS system is presented in Fig. 1.
Two different substrate shapes (flat and cylindrical) with

Particle Feeder

é

different standoff distances are modeled in order to
investigate the effect of substrate geometry on the flow
field and particle deposition.

The nozzle has a circular cross section with an inlet
diameter of 8 mm. The converging section has a length of
50 mm and is attached to the throat section with a diam-
eter of 4 mm and a length of 30 mm. It then expands to a
diameter of 6 mm located at a distance of 97 mm from the
throat end. The particle feeder is placed at the beginning
of the throat and injects particles at an angle of 45° with
respect to the nozzle axis. Flat substrates are square plates
having a side length, A4, of 20 mm, placed at standoff dis-
tances, d, of 7.5, 10, 12.5, 15, 17.5, and 20 mm. Another
case with a cylinder having a diameter of 4 mm is also
modeled to see the effect of a substrate with a small radius
of curvature on the flow field.

In all these cases, boundaries are extended in such a
way that the independency of the solution on the com-
putational domain is guaranteed. The orientation of the
particle feeder and substrates will allow having a plane of
symmetry, which will reduce the computational time
considerably.

2.2 Computational Domain

A hybrid scheme is used to generate hexahedral and
tetrahedral elements throughout the domain. Hexahedral
cells are the dominant elements (being more that 80% of
the total number of cells), while tetrahedral elements are
adapted to the regions where the hexahedral scheme is not
suitable and will result in high skewness and aspect ratio.
In order to avoid wedged elements at the nozzle center-
line, another sub-mesh is used in this region. This ensures
a higher grid quality and more accurate results. The total
grid size varies between 170,560 and 923,960 cells
depending on the substrate shape, location and size. A
grid dependency study is also done to ensure that the
solution dependency on the grid will be less than 2%. A
cross section of the grid for a flat substrate with a height of
20 mm located at a standoff distance of 20 mm is shown in
Fig. 2 with a close-up view of the sub-mesh zone.

2.3 Gas Phase

The ideal gas law is used to calculate density, in order
to have the compressibility effects taken into account.
Since the flow is high speed and compressible, viscosity
changes with temperature become important. In order to
account for this effect, three coefficients Sutherland vis-
cosity law is used, which is specially suggested for high
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All dimensions in mm

Fig. 1 Schematic of the nozzle and the substrate (not to scale)

Journal of Thermal Spray Technology

Volume 16(5-6) Mid-December 2007—635

pamaInay Jead




3
=
2
]
c
w
8
Q

Closeup View

Plane of Symmetry

===
B
=

Fig. 2 Cross section of the grid for a flat substrate located at a
standoff distance of 20 mm

speed compressible flows (Ref 16). Due to the presence of
diamond shocks at the nozzle exit and bow shock on the
substrate, the flow will experience sharp gradients and
steep changes in pressure and velocity. Therefore, the
RSM (Reynolds Stress Model) turbulence model is used in
this simulation as it takes into account the compressibility
effect as well as streamline curvature, swirl, rotation, and
rapid changes in strain rate in a more rigorous manner
compared to other models and will result in higher accu-
racy (Ref 16-18). However, as this method creates a high
degree of coupling between the momentum equation and
the turbulence stresses in the flow, calculations can be
more susceptible to stability and convergence difficulties
compared to the k-¢ model (Ref 16). In order to overcome
this problem, for each case, the calculation begins with the
k-¢ model with low under-relaxation factors, and is then
switched to the RSM scheme. The segregated implicit
solver with second order accuracy for pressure terms and
QUICK discretization scheme for momentum and density
is used. For compressible flows with shocks, the first order
upwind scheme may tend to smooth the shocks, hence
using the QUICK scheme for density and momentum is
highly recommended for hexahedral grids (Ref 16, 19).

2.4 Particle-Fluid Interaction

A Lagrangian approach is used to obtain particle
trajectories. Tracking particles in a Lagrangian frame
requires the second phase to be dilute enough so that the
particle-particle interactions and the effect of the particles
on the gas phase can be neglected. This assumption
requires the second phase to have a low volume fraction
(Ref 20-24). The velocity of the particles in the field can be
obtained by integrating Eq 1.
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(Eq 1)

The particle position can be derived by further integration
of this equation over time (Ref 25). Particle deceleration
due to the adverse pressure gradient caused by the bow
shock is taken into account as the body force in Eq 1. The
body force per unit particle mass can be represented as:

Fo=(2)v, vr,
Pp

Drag coefficient: One of the important factors which has a
significant influence on the accuracy of the predicted
particle velocity is the drag coefficient. Cp is a strong
function of the particle Reynolds and Mach number, Re,
and Ma,, and can be determined using the relative
velocity of the particles with respect to the fluid. Re,, and
May, are defined as:

dv, A
mpTIPZ Copg(Ve = Vp)([Ve = V3)) Tp‘i'Fb

(Eq 2)

_ Pg‘Vg - Vp|D

Re
P b,

(Eq 3)

|Vg_ Vp‘
v/ Y RT;

A correlation is proposed by Crowe (Ref 26) that accounts
for a large range of particle Mach numbers and Reynolds
numbers (0.1 <Ma,<2 and 0.2<Re,< 10%). This range is
sufficient for a typical CGDS process and will accommo-
date all the conditions encountered inside the flow field.
The equation proposed by Crowe is:

Ma, = (Eq 4)

73»07v‘/2(ﬂ,:%§)g(Rep) h(May) ko
+W@‘ v 4 2
(Eq 5)
where Cpncy is the drag coefficient for a sphere in

incompressible flow, and g(Re,) and h(Map) are the
devised functional relations

Cp = (Cpine) —2) €

logyo g(Rep) = 1.25[1 + tanh (0.77log,o Re, — 1.92) |
(Eq 6)

h(May) = {2.3+1.7[T, /] } ~2.3tanh(1.17l0g,y May)

(Eq7)

The drag coefficient for a sphere in an incompressible gas
is taken from a correlation by Clift et al. (Ref 27).

2.5 Boundary Conditions

The nozzle inlet is modeled as a mass flow inlet due to a
better convergence rate compared to a pressure inlet. By
having an inlet pressure of 0.62 MPa and a total temper-
ature of 773 K and assuming that the Mach number at the
throat is unity, the mass flow rate through the nozzle will
be 0.011 kg/s. This mass flow rate will result in a pressure
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of 0.62 MPa upstream of the nozzle. The flow velocity is
negligible at the inlet and therefore, the total and static
pressure and temperature are equal. The direction of the
velocity vector at the inlet is assumed to be perpendicular
to this boundary. The turbulence intensity is 1% and the
length scale is set to be 20% of the nozzle diameter at the
throat, as proposed previously (Ref 28).

The effect of heat transfer through the nozzle wall is
negligible and it is assumed that the nozzle wall has a
constant temperature of 300 K, which is equal to the
ambient temperature. The substrate wall is assumed to
have a negligible heat transfer to the surrounding ambient,
and is considered to be adiabatic. Surrounding boundaries
are assumed to be pressure outlets as they are far enough
to have no effect on the solution. Pressure on these
boundaries is set to be atmospheric.

Particle injection: More than 5000 particles are used to
obtain reliable statistical data. The projected area of the
particle feeder on the nozzle wall is used as the inlet
boundary for the particles. In order to resemble the sto-
chastic behavior the particles inside the flow field, they are
injected in a complete random order. A MATLAB (The
MathWorks Inc.) code is developed to simulate this pro-
cess. The particle size distribution used in this simulation
is shown in Table 1. Particle diameters are selected ran-
domly in each size range in such a way that they resemble
the given distribution. Then, a random initial position
inside the projected area will be associated with each
particle. Finally, an initial velocity between 15 and 25 m/s
at an angle between 40 and 50 degrees with respect to the
nozzle axis will be selected randomly for injection.

3. Results and Discussions

The gas phase pressure and Mach number iso-surfaces
are shown in Fig. 3(a) and (b), respectively. Because of
the strong bow shock formed on the substrate, a high
stagnation pressure zone is created near the plate. This
high pressure region will result in a deceleration of the
particles as well as off-normal impact on the substrate.
The deviation of particle trajectories from the centerline
can be so strong that some particles may not impact the
substrate and are washed away by the gas flow. Addi-
tionally, those particles that hit the substrate with such a
low-normal impact velocity cannot make a strong bond to
the plate and will slide down. These two phenomena are
found to be directly responsible to reduce the process
deposition efficiency.

Table 1 Particles size distribution

> Diameter, pm % Volume
20 7
30 23
40 40
50 65
60 100
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Static pressure and Mach number versus the distance
from the nozzle exit for a flat substrate located at dif-
ferent standoff distances are shown in Fig. 4(a) and (b).
A case without the substrate is also modeled to see the
effect of the substrate on the shocks. It can be observed
that as the gas passes through several diamond shocks,
which are composed of a series of compression waves
and Prandtl-Meyer expansion waves, its kinetic energy
dissipates gradually until the pressure reaches the sur-
rounding pressure. Placing a substrate in front of this free
jet will result in a pressure rise on the substrate. In a
subsonic flow regime, the peak pressure rise will decrease
by increasing the substrate distance from the nozzle exit.
However, for supersonic flows, due to the compression
and expansion waves, the peak pressure alternates by
changing the location of the substrate. Pressure rise up
begins at a small distance from the plate where the flow
starts to feel the presence of the substrate. The value of
the maximum pressure peak depends on the location
where the pressure starts to increase. The minimum
value of 330 kPa can be achieved by placing the
substrate at a distance which results in a pressure rise
starting in a pressure valley. Referring to this figure, this
situation corresponds to the case with a standoff distance
of approximately 10 mm.

Pressure (kPa)

o 200

150
| 130
110

105

(a) : lBU

Mach No.
I 2

18

(b)

Fig. 3 (a) Pressure iso-surfaces for a flat substrate located at a
standoff distance of 20 mm. (b) Mach number iso-surfaces for the
same substrate
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Fig. 4 (a) Pressure variations along the centerline for various
standoff distances for a flat square substrate. (b) Mach number
variations along the centerline for various standoff distances for
the same substrate

The location of the substrate is of great importance as it
determines the landing situation for the particles. A high
stagnation pressure region on the substrate decelerates
particles before hitting the substrate and results in a lower
deposition efficiency. On the other hand, having a low
pressure region before the substrate will result in higher
impact velocity, lower dispersion and consequently, higher
deposition efficiency. In this study, it is observed that
placing the substrate at a distance of 10 mm from the
nozzle exit will result in the lowest peak pressure. So, the
upcoming results will be presented for this optimum case.

The gas pressure and Mach number iso-surfaces for the
case with a cylindrical substrate having a diameter of
4 mm located at 10 mm from nozzle exit are shown in
Fig. 5(a) and (b), respectively. Due to the supersonic gas
leaving the nozzle, the flow pattern is the same as that of a
flat plate except for the region near the substrate where
the flow starts to sense the presence of the cylinder.
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(a) Pressure: 70 80 90 110 150 200 kPa

(b) MachNo.: 1.3 1.5 165 18 _-2

Fig. 5 (a) Pressure iso-surfaces for a cylindrical substrate with a
diameter of 4 mm located at a standoff distance of 10 mm. (b)
Mach number iso-surfaces for the same substrate

Similarly, the bow shock is formed on the substrate due to
the high velocity gas coming to rest on the cylinder’s front.
The strength of this bow shock is expected to be less in
comparison to the case with the flat substrate as the flow is
not fully blocked and is allowed to pass over the cylinder.
On the other hand, because of the substrate geometry and
the resultant flow pattern, coating particles will have a
lower chance to hit the substrate and tend to escape the
field. In contrast to the flat substrate case, the particles
impinging on the cylinder will also attain lower normal
impact velocity due to the radius of curvature of the
substrate. These phenomena will have a negative effect on
the coating deposition efficiency and quality when using
the cylindrical substrate.

Figure 6 shows the footprint of the particles at a dis-
tance of 10 mm from the nozzle exit when there is no
substrate blocking the high speed jet. The landing location
for a range of particle sizes varying between 5 and 60 um,
impinging on a flat square substrate located at a standoff
distance of 10 mm is shown in Fig. 7. Particles deviation in
both vertical and lateral directions which is due to the
three-dimensional nature of the flow is shown in this fig-
ure. Smaller particles, having low Stokes numbers, are
more affected by the gas flow and are deviated more
compared to the heavy ones. Particles are injected from
the top side of the nozzle at random angles between 40
and 50 degrees. As the heavier particles are less affected
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Fig. 6 Footprint of a particle range between 5 and 60 pm at a
distance of 10 mm from nozzle exit when there is no substrate
blocking the free jet

by the flow, they shift below the nozzle centerline while
the smaller particles are dispersed above and below the
centerline. The landing locations for the same particle size
distribution hitting the cylindrical substrate are shown in
Fig. 8. It can be seen that the particles dispersion is less for
the cylindrical substrate than for the flat substrate, and is
minimum when there is no substrate. This is due to the
strength of the bow shock formed on the substrate. For the
cylindrical case, the shape of the substrate will result in a
weaker bow shock as the flow is not fully blocked and is
able to pass over the cylinder, while the flat substrate will
result in the highest level of particle dispersion due to the
formation of a stronger bow shock. Referring to Fig. 8, it
can be seen that most of the heavy particles (shown in
grey) that are moving below the center line, fall out of the
projected area of the substrate and pass the cylinder
without even hitting it. On the other hand, particles hitting
this substrate will attain a relatively low normal impact
velocity due to the radius of curvature of the cylinder.
The variations in particles normal impact velocity ver-
sus particle size for the free jet, flat and cylindrical sub-
strates are shown in Fig. 9(a-c), respectively. From this
figure and Fig. 6 through 8, it is noticeable that smaller
particles have higher velocities with more dispersion,
while heavier particles travel at lower velocities and are
dispersed less. Another phenomenon which is quite visible
in Fig. 9 is the velocity standard deviation for different
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Fig. 7 Landing location for a particle range between 5 and
60 um for a flat substrate, placed at a standoff distance of 10 mm
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Fig. 8 Landing location for a particle range between 5 and
60 um for a cylindrical substrate with a diameter of 4 mm, placed
at a standoff distance of 10 mm
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size ranges. The large velocity variation for heavy particles
observed in these figures is due to the variation in injec-
tion angle and velocity. Because of the large Stokes
number associated with heavy particles, the effect of the
injection condition imposed on these particles will not be
compensated by the gas speed as they travel the length of
the nozzle. As a result, a larger velocity band width can
be expected at the coating location for large particles.
Figure 9(a) and (b) can be compared to study the effect of
the bow shock on the particles. It is noticeable that small
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Fig. 9 Normal impact velocity versus particle size for (a) free
jet case, (b) flat substrate placed at a standoff distance of 10 mm,
(c) a cylindrical substrate with a diameter of 4 mm, placed at a
standoff distance of 10 mm

640—Volume 16(5-6) Mid-December 2007

particles (approximately below 25 pm) are more affected
by the bow shock, while the deceleration of the larger
particles is almost negligible. Referring to Fig. 9(c), it can
be seen that there exists a greater variation in the normal
impact velocity on the cylinder which is due to the cur-
vature of the substrate. In addition, due to the size of the
substrate and the injection angle, all the particles with a
diameter greater than 55 pm will not impinge on the
substrate. The average normal impact velocity for various
particle sizes is shown in Fig. 10. In comparing the free jet
case and the case with the flat substrate, it is quite visible
that the particles greater than 25 um travel at almost the
same velocity and are not affected by the bow shock
formed on the flat substrate. Average normal impact
velocities for the cylinder are also lower compared to the
other cases as a result of the shape of the substrate. In
addition, the statistical data of the landing location and
impact velocity for the flat substrate are also presented in
Table 2. Since all the Z values will be zero if the whole

Table 2 Statistical data of the landing location and
normal impact velocity on the flat substrate (Data in the
Z direction are calculated for the half of the substrate)

Mean value Standard deviation
Size range, Y, Z, Velocity, Y, Z, Velocity,
pm mm mm m/s mm mm m/s
5-10 0.323 0.729 647.647 0.741 0.496 24.623

10-15 -0.550 0.753 589.166  0.802 0.478 24.955
15-20 -1.143 0.765 533.107 0.775 0.468 29.120
20-25 -1.425 0.760 494401 0.686 0.448 28.558
25-30 -1.749 0.749 455946  0.674 0435 33.109
30-35 -1.875 0.602  437.170  0.605 0.370 28.344
35-40 -2.097 0.607  410.068 0513 0.377 28.531
40-45 -2.260 0.555 387.689  0.527 0.342 29.318
45-50 -2.366 0.603 369.479 0412 0.386 25.835
50-55 -2.438 0.585 354.746  0.400 0.343 23.248
55-60 -2.489 0498  344.107 0380 0.321 22.282

700 1 Free Jet

~ — =— = Flat Substrate
: == === = Cylinder

4]

o

=}
1

L

N

o

o
1

w

o

o
1

Normal Velocity (m/s

2004

100 \

0 T T T T T T T T
5 10 15 20 25 30 35 40 45 50 55 60

Diameter (um)

Fig. 10 Average normal impact velocity for different size ran-
ges for the three cases studied
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domain is considered, the tabulated Z values are extracted
from the data of the half of the domain.

4. Conclusions

In this work, the effect of the presence of the substrate
in the high-speed gas flow field outside a low-pressure cold
spray nozzle is analyzed. Due to the peripheral injection of
the coating powders, a three dimensional simulation was
conducted to capture all the important features of the
particulate phase such as the landing location on the sub-
strate, vertical and lateral dispersion, as well as the normal
impact velocity for different substrate shapes. It is found
that the presence of the substrate and its standoff distance
and shape have significant effects on the gas flow field near
the particle deposition area. This is due to the nature of the
supersonic gas flow which generates compression and
expansion waves. In order to find the optimum standoff
distance of the substrate, the interactions between the
shock diamonds and the bow shock formed on the sub-
strate should be analyzed carefully. In this study for the
given operating conditions, the optimum location for the
substrate which results in a minimum stagnation pressure
of 330 kPa is found to be 10 mm from the nozzle exit. The
location of the substrate will also affect the particles nor-
mal impact velocity and the vertical and lateral dispersions.
Particles deviate less from their path in the case with a
cylindrical substrate as the bow shock near the substrate is
weaker in comparison to the flat plate. On the other hand,
due to the radius of curvature of the cylinder, particles will
have lower normal impact velocity, and hence their
deposition will be harder to achieve and the coating quality
is expected to be lower. In terms of the bow shock and
particles interactions, it is observed that smaller particles
(with sizes less than 25 pm) are most affected by the high
pressure gradients and shocks.
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