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During the cold spray process, nozzle clogging always happens when spraying low-melting point mate-
rials, e.g., aluminum, significantly decreasing the working efficiency. In this paper, a comprehensive
investigation was carried out to clarify the reason for inducing nozzle clogging and then to evaluate a
home-made nozzle cooling device for preventing nozzle clogging. Computational fluid dynamics tech-
nique was employed as the main method with some necessary experiment validation. It is found that the
particle dispersion and the high-temperature nozzle wall at the near-throat region are two dominant
factors that cause nozzle clogging. The numerical results also reveal that the home-made cooling device
can significantly reduce the nozzle wall temperature, which was validated by the experimental mea-
surement. Besides, the aluminum coating build-up experiment further indicates that the additional

cooling device can truly prevent the nozzle clogging.

Keywords aluminum, cold spray, computational fluid
dynamics (CFD), nozzle clogging, nozzle cooling

1. Introduction

Cold spraying is a relatively new coating technique
developed in the mid-1980s and has been rapidly devel-
oping during the past two decades. In this process, powder
particles (typically <50 pm) are accelerated to a high
velocity ranging from 300 to 1200 m/s by a supersonic gas
flow and then impinging onto a substrate in solid state
without significant fusion, undergoing intensive plastic
deformation. The ‘low temperature’ of cold spray particles
can minimize the adverse effect brought by molten or
semi-molten state, providing a possibility to coat oxygen-
sensitive materials (Ref 1, 2). It has been widely accepted
that there exists a material-dependent critical velocity for
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a given condition (e.g., specific particle size, temperature,
and material properties), only above which bonding at the
particle/substrate interface can take place and the cold
spray coating can be formed on the substrate surface
(Ref 3-7).

Although cold spray technique can be used to fabricate
many kinds of metal materials, nozzle clogging always
happens, especially when using low-melting point particles
or preheated particles, significantly decreasing the work-
ing efficiency. In general, it is believed that high tem-
perature of the nozzle wall is the main factor inducing the
occurrence of clogging. When low-melting point or pre-
heated particles flow through the nozzle, collision occa-
sionally takes place with the high-temperature nozzle
inner wall, inducing the bonding between particles and
nozzle wall and finally resulting in the nozzle clogging.
This phenomenon may become more serious when using
the nozzle with radial injection. Although this view is
widely accepted, no directly experimental or theoretical
evidences have been given to prove it.

In this study, this hypothesis was positively proved
through the computational fluid dynamics (CFD) tech-
nique. Besides, a home-made cooling device of which the
digital photo is shown in Fig. 1 was developed in order to
deal with the high-temperature nozzle wall during the
spray process. In some previous studies, CFD technique
was also used to predict the temperature distribution
within the nozzle wall and substrate in cold spray (Ref 8-
10). Therefore, in the current study, the capability of the
home-made cooling system for controlling the nozzle wall
temperature was also evaluated by CFD method and
partly validated by experimental measurement. The mass
of cold-sprayed aluminum coatings produced with and
without nozzle cooling was also compared to further
evaluate the capacity of this cooling system.
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Fig. 1 Digital photo of the cold spray nozzle and cooling device used in the experiment

Table 1 Dimensions of the MOC nozzle

Configuration Dimensions, mm
Throat diameter 2.7

Inlet diameter (inner wall) 18.2

Inlet diameter (outer wall) 26.7
Outlet diameter (inner wall) 6.4

Outlet diameter (inner wall) 11.2
Cooling channel width 1.5
Divergent length 120
Convergent length 52.4

2. Numerical Methodology

2.1 Computational Domain and Boundary
Conditions

Numerical simulations were performed using ANSYS-
FLUENT 14.5 (Ref 11). The nozzle geometry was chosen
according to the commercial MOC nozzle (CGT GmbH,
Germany). The dimensions of the nozzle and cooling de-
vice are given in Table 1. The schematic of the computa-
tional domain is shown in Fig. 2. In order to save the
computational time, the model was simplified as a two-
dimensional axi-symmetric model. The computational do-
main was meshed into 240,200 quadrilateral cells in order
to achieve a grid-independent solution. The grids at the
nozzle throat region and impinging jet region were refined
to accurately capture the rapid variation of flow properties
due to the highly compressible character of the supersonic
driving gas. The grid at the near-wall region was also re-
fined to deal with the viscosity-affected region. The de-
tailed boundary conditions of the computational model are
listed in Table 2 in which the convective heat transfer co-
efficient (h) is 5 W/m” K and the free stream temperature
is 298 K.

2.2 Modeling Details

Compressible air was chosen as the gas phase and
controlled by ideal gas law. Liquid water was chosen as the
coolant and treated as incompressible laminar flow. The
thermal properties of air and water used in the simulation
are listed in Table 3. The governing equations for a two-
dimensional compressible and incompressible steady flows
can be found elsewhere (Ref 12). Density-based implicit
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Table 2 Boundary conditions of the computational
model

Po v To

Gas inlet Specified %‘1 =0  Specified
101,325 Specified Specified

Gas outlet, coolant outlet 101,325 2=0 2L=0

o=

Coolant inlet

Axis 9L—0 9=0 9=0

Outer wall % =0 0 —K- % =h (T — Tiee)
Inner wall f’,—’; =0 0 Coupled

Substrate ®_0 0 Iar —

on ‘on

Table 3 Properties of air and water used in the
simulation

Property Air Water
Specific heat capacity ~ 1006.43 J/kg-K 4182 J/kgK
Thermal conductivity 0.0242 W/m'K 0.6 Wm'K

Viscosity 1789 x 1077 kg/ms  1.003 x 1072 kg/ms

solver was used to solve the steady flow inside and outside
the nozzle due to its great capability to solve the strong
compressible flow over pressure-based solver, such as high
subsonic or supersonic problem. The RNG k-¢ turbulence
model was utilized to capture the turbulent flow features,
and the enhanced wall function with refined mesh was
chosen for the near-wall flow treatment.

Hard alloy and aluminum were chosen as the nozzle wall
and particle materials, respectively. The thermal properties
of the solid phase are listed in Table 4. The heat transfer
process within the nozzle wall is governed by the two-di-
mensional energy equation for steady-state heat conduction
(Ref 12). All the particles have the spherical shape. The
trajectory of the particles was computed using discrete
phase modeling (DPM) method which requires the discrete
to be present at sufficiently low volume fraction. Particle-
particle interactions and the effect of particles on the gas
phase were neglected due to the low volume fraction of
powder particles during the cold spray process (solid phase
volume fraction <10%). The high-mach-number drag law
was applied to compute the particle drag force, which was
always employed in previous studies (Ref 13-16). This drag
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Fig. 2 Schematic of the computational domain of the CFD model used in the simulation

Table 4 Properties of hard alloy and aluminum used
in the simulation

Property Hard alloy Aluminum
Density 14,800 kg/m® 2719 kg/m?
Thermal conductivity 80.0 W/m'K 202.4 Wim-K
Heat capacity 210 J/kgK 871 J/kgK

law accounts for a particle Mach number greater than 0.4 at
a particle Reynolds number greater than 20. The detailed
description of this drag law can be found elsewhere (Ref 17).
In order to take the turbulence-induced particle dispersion
into consideration, the Stochastic-Tracking model available
in ANSYS-FLUENT was used. In this approach, the dis-
crete random walk (DRW) model is used to predict the
fluctuating components of the total particle velocity and
effects on its trajectory. When the path is computed for a
sufficient number of times, a realistic prediction of the
random effects by turbulence on particle dynamics can be
achieved.

3. Experimental Validation

The nozzle outer wall temperature was measured by
the thermocouple. The measuring point was selected at
the position of 4 mm downstream from the nozzle throat.
The thermocouple contacts to the nozzle outer wall sur-
face directly and the data were recorded manually when
the temperature becomes stable. Pure aluminum powders
were selected as the feedstock to fabricate the cold-
sprayed coating. The grit-blast copper plates were em-
ployed as the substrate. The main gas pressure and tem-
perature were set as 2.5 MPa and 873 K, respectively. The
substrate was located 30 mm away from the nozzle exit. A
gun traverse speed of 50 mm/s was employed for the
coating deposition. The mass of the coating produced with
and without nozzle cooling was measured and compared
to evaluate the cooling effect and the consequent nozzle
clogging level.

4. Results and Discussion

4.1 Nozzle Clogging Behavior

In this section, the reason for inducing nozzle clogging
is discussed. Figure 3 shows the trajectories of aluminum
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particles inside the nozzle colored by particle velocity at
the inlet pressure of 2.5 MPa and temperature of 873 K. It
is seen that particles with different sizes disperse at the
end of the convergent part due to the strong turbulent
effect (Ref 18). Smaller particles show more significant
dispersion than larger particles, almost occupying the en-
tire divergent section. The collision between particles and
nozzle inner wall can be clearly observed, particularly at
the small zone before the throat section, which provides
an essential condition for nozzle clogging. However, from
Fig. 3, it is also noticed that the particle velocity prior to
the impact at the near-throat section is not too high
(<300 m/s) and the impact angle is quite small (<30°). In
this case, the normal particle impact velocity is lower than
150 m/s, which is below the critical velocity of aluminum.
Coating is impossible to grow under this condition and
nozzle clogging cannot occur. Therefore, there must be
additional factors inducing nozzle clogging.

Previous work reported that the high-temperature re-
gion of the nozzle wall mainly locates at the convergent
part and the following near-throat region where particle
dispersion takes place (Ref 9). Similar result was also
obtained in this study and given in Fig. 4 showing the
temperature distribution within the nozzle wall at differ-
ent working conditions. In cold spray, substrate preheating
is found to facilitate the particle deposition and coating
build-up process, significantly reducing the critical velocity
(Ref 19-21). Here, the high-temperature nozzle wall plays
the same role as the preheated substrate, helping to re-
duce the critical velocity of cold-sprayed particles on the
nozzle wall and thus promoting the growth of blockage.
Besides, particle temperature at the convergent part is
also known to be relatively high due to the heating by the
driving gas (Ref 13). Therefore, the impact between the
particles and nozzle wall can be regarded as the preheated
particle involved impact which also contributes to the
particle deposition and the critical velocity reduction (Ref
22, 23). Hence, it is easy to conclude that the high-tem-
perature nozzle wall and particle at the near-throat region
is the above-mentioned additional reason for inducing
nozzle clogging.

4.2 Evaluation of Nozzle Cooling for Preventing
Nozzle Clogging

Knowing the reason for inducing nozzle clogging, one
may attempt to find a solution way to avoid it. Particle
velocity and temperature are really difficult to be con-
trolled during the spray process, thus the most effective
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Fig. 3 Trajectories of aluminum particles with different diameters inside the nozzle
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Fig. 4 Temperature distribution within the nozzle at different
working conditions with and without cooling

way may be to control the nozzle wall temperature. In this
respect, a home-made cooling device was developed and
installed at the divergent part to cool down the nozzle
wall. Figure 4 shows the comparison of the temperature
distribution within the nozzle wall with and without nozzle
cooling. It is immediately seen that the nozzle wall tem-
perature can be significantly decreased using additional
cooling device, and the cooling effect at the divergent part
is much better than that at the convergent part. This is
because the additional coolant significantly increases the
convective heat transfer between the nozzle wall and the
surrounding environment. Table 5 gives the total surface
heat transfer rate through the nozzle inner wall with and
without nozzle cooling. Clearly, water as the coolant can
take away more heat from the nozzle, leading to the
temperature reduction of the nozzle wall. In order to
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Table 5 Total heat transfer rate through the nozzle
inner wall

Cooling, W No-cooling, W
2.5 MPa, 873 K 20.065 1624.891
2.5 MPa, 673 K 12.943 1086.638
2.0 MPa, 873 K 12.922 963.898
1100
1 ——2.5MPa,873K ------ 2.5MPa,873K (cooling) g
1000 ——2.5MPa,673K ------ 2.5Mpa,673K (cooling) B
o | ——2.0MPa,673K ------ 2.0MPa,673K (cooling) ]
o 9004 —
5 ]
© 800 —
0]
2 ]
£ 700 .
§ 600 —
- ]
© 500 —
c
£ )
@ 400+ —
N 4 : 4
8
= 3004 Nozzle throat b
200 T T T T T T T T T T T T T T
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Axial position (mm)

Fig. 5 Nozzle inner wall temperature against the axial position
at different working conditions with and without cooling

further analyze the temperature reduction on the nozzle
inner wall, the inner wall surface temperature along the
nozzle central line is given in Fig. 5. Obviously, cooling
device can significantly reduce the nozzle inner wall tem-
perature, especially at the throat and divergent part. It can
be expected that the nozzle clogging can be improved
under such conditions.

Figure 6 shows the comparison of the nozzle outer wall
temperature between the simulation result and the ex-
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Fig. 7 Gas velocity and temperature along the nozzle central
line with and without cooling

perimental measurement. As can be seen, the predicted
temperature compares fairly well with the experimental
one, which positively proves the simulation result in this
study. Besides, the mass of the cold-sprayed aluminum
coatings produced with and without nozzle cooling was
also measured. The one with nozzle cooling gives the
coating mass of nearly four times higher than that without
nozzle cooling because no clogging occurs inside the
cooling nozzle. This fact further confirms that nozzle
cooling helps to reduce the nozzle temperature and thus
prevent the nozzle clogging.

Figure 7 provides the driving gas temperature and ve-
locity along the nozzle central line under different cooling
conditions. It is obvious that the driving gas temperature
and velocity decrease when using cooling nozzle, but the
reduction is quite limited, which is insufficient to pose any
effects on the particle motion. This fact implies that nozzle
cooling has no effects on the particle acceleration and the
consequent coating build-up processes. In addition, for the
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Fig. 8 Nozzle inner wall temperature along the axial position at
different cooling conditions

purpose to evaluate the effect of coolant conditions on the
cooling effect, Fig. 8 shows the nozzle inner wall tem-
perature along the nozzle central line at different cooling
conditions. It is seen that increasing the water flow rate or
decreasing the water temperature enhances the nozzle
cooling, but such effect is quite slight. Therefore, consid-
ering the economics and conveniences, the room tem-
perature piped water is sufficiently effective to cool down
the cold spray nozzle.

5. Conclusions

In this study, the nozzle clogging behavior and nozzle
cooling during cold spray process were systematically in-
vestigated by both numerical and experimental methods.
Based on the obtained results, it is found that nozzle
clogging was mainly induced by two essential factors which
are particle dispersion and high-temperature nozzle wall at
the near-throat region. The former allows the particles to
impact on the nozzle inner wall and the latter promotes the
growth of blockage. For solving this problem, a home-made
cooling device was developed and equipped with the ori-
ginal cold spray nozzle to cool down the nozzle wall. The
numerical results indicate that cooling system significantly
decreases the nozzle wall temperature by enhancing the
convective heat transfer, which is also validated by ex-
perimental data. Furthermore, the comparison of the mass
of cold-sprayed aluminum coating produced with and
without cooling system confirms that nozzle cooling truly
prevents the nozzle clogging. Despite the fact that cooling
system results in more heat loss of the driving gas, the gas
temperature and velocity are not seriously affected, which
means nozzle cooling has no effect on the gas and particle
acceleration processes. Besides, increasing the water ve-
locity or decreasing the water temperature can promote the
cooling effect, but the room temperature piped water is
found to be sufficiently effective to cool down the cold
spray nozzle.
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