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A 2-D model of the low-pressure cold spray with a radial powder feeding was established using CFD
software in this study. The flow field was simulated for both propellant gases of nitrogen and helium. To
predict the in-flight particle velocity and temperature, discrete phase model was introduced to simulate
the interaction of particle and the supersonic gas jet. The experimental velocity of copper powder with
different sizes was used to validate the calculated one for low-pressure cold spray process. The results
show that the computational model can provide a satisfactory prediction of the supersonic gas flow,
which is consistent with the experimental Schlieren photos. It was found that similar velocity was
obtained with the drag coefficient formula of Henderson and with that of Morsi and Alexander. As the
shape factor was estimated, the reasonable prediction of velocity for non-spherical particle can be
obtained, to compare with the experimental results.
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1. Introduction

The cold gas dynamic spray (CGDS, or cold spray) is
relatively a new coating process that was developed in the
last decade. In this process, the propellant gases of nitro-
gen or helium with pressure can be expanded using con-
verging-diverging de Laval nozzle to generate a supersonic
gas flow. The particle with a typical size of less than 50 lm
can be fed into the gas flow, accelerated to a velocity of
300-1200 m/s, and then allowed to impact the substrate to
deposit coating (Ref 1, 2). It is well known that in the cold
spray process, there exists a critical velocity. Only the
particles with an impact velocity higher than critical
velocity can be deposited on the substrate to form coating
(Ref 2, 3). In normal sense, the higher particle velocity and
temperature can provide higher density, higher deposition
efficiency, and the improvement of properties of coating
(Ref 4). Therefore, the particle velocity and temperature

become important factors during nozzle designing and
modifications. Due to the limitation of experimental
investigation, the computational method was introduced
in previous studies to obtain the interaction between
supersonic gas flow and particles (Ref 5-7). The in-flight
particle velocity and effect of stand-off distance on

Nomenclature

u velocity (m/s)

t time (s)

FD drag force (N)

Fx acceleration term (N)

l molecular viscosity (kg/m/s)

q density (kg/m3)

d diameter (m)

CD drag coefficient

Re Reynolds number

Ma Mach number

c specific heat ratio

R specific gas constant (J/kg/K)

T temperature (K)

U shape factor

h convective heat transfer coefficient (W/m2/K)

Cp heat capacity (J/kg/K)

k thermal conductivity (W/m/K)

Nu Nuselt number

Pr Prandtl number of the continuous phase

Subscript

g gas

p particle

sph spherical particle
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particle impinging velocity were modeled using Hender-
son formula for high-pressure cold spray process (Ref 8).
Based on the computational modeling, Li designed and
optimized a CB nozzle by numerical method for high-
pressure cold spray (Ref 9).

Besides the high-pressure cold spray, low-pressure cold
spray was proven to be an effective method to deposit
coatings under a much lower pressure which can signifi-
cantly decrease the gas consumption and thus the cost
(Ref 10, 11). However, few investigations were reported
on the gas field and the particle acceleration for low-
pressure cold spray process (Ref 4, 5). Moreover, the drag
coefficient used in modeling for both high- and low-pres-
sure cold sprays makes it difficult to confirm the modeling
results of the particle parameters. Therefore, for the
optimization of the spray nozzle and the better under-
standing of the spray process, a model of low-pressure
cold spray process was established to obtain the particle
parameters by CFD method in this study.

2. Numerical Methodology

The simulation of the gas flow and interaction of gas-
particle were accomplished using commercial CFD soft-
ware of Fluent (Fluent Inc., Lebanon, NH). The coupled
implicit method provided in Fluent was chosen to simulate
the gas flow in low-pressure cold spray. After the stable
flow field was obtained, the particle velocity and temper-
ature during the accelerating process in the gas flow were
calculated using the discrete phase model (DPM).

2.1 The Computational Domain

Figure 1 shows the schematic of calculation domain.
The cold spray process was performed using a converging-
diverging barrel-type nozzle. The nozzle consists of a
diverging part of 10 mm in length, a barrel part of 120 mm
in length, and an exit size of 2.5 mm in radius. Nitrogen or
helium with a pressure of 0.7 MPa and temperature of
573 K was used as a propellant gas. The powder is fed into
the gas flow radially at the diverging part of 33.5 mm from
nozzle throat by Venturi effect. To simplify the simulation
model, the effect of feeding gas on the supersonic flow
was neglected to establish a 2-D axisymmetric model.
The outside domain is a cylinder of 30 mm in radius and
200 mm in length from the nozzle exit.

2.2 The Gas Flow

The propellant gas of cold spray process involves a
compressible, viscous, turbulent, and normally supersonic
gas flow. It is suggested that the viscosity changes with the
temperature can affect the flow for the high-speed and
compressible gas (Ref 12, 13). However, due to the rela-
tive low pressure and low temperature, the compressive
nitrogen and helium used in this study were assumed to
have a constant viscosity and obey the ideal gas law. Since
the RNG k-e model achieves the improved accuracy for
rapidly strained flows than standard k-e, the turbulence of
the gas flow was simulated using the RNG k-e model and
standard wall functions (Ref 13).

2.3 Boundary Conditions

The inlet of nozzle was set as pressure inlet with a
stagnation pressure (absolute) of 0.8 MPa and a stagna-
tion temperature of 573 K. The exit of the outside domain
was set as pressure outlet with a pressure and temperature
of 0.1 MPa and 298 K, respectively. The nozzle wall was
set as smooth, non-moving boundary, and with a heat flux
of zero. The remaining part of the domain was set to be
non-reflection boundary, as shown in Fig. 1.

2.4 The Interaction of Particle-Gas Flow

In DPM model, the particle is treated as discrete phase
dispersed in the continuous phase, and the motion is cal-
culated using Lagrangian formulation (Ref 13). Neglecting
the gravity force, the balance force acting on the particle
(in Cartesian coordinates) can be expressed as Eq 1:

dup

dt
¼ FD þ Fx ðEq 1Þ

The drag force per unit particle mass, FD, can be
expressed as Eq 2.

FD ¼
18l
qpd2

p

CDRep
24
ðug � upÞ ðEq 2Þ

where Rep is the particle Reynolds number:

Rep ¼
qdp ug � up

�
�

�
�

l
ðEq 3Þ

For spherical particle acceleration in the gas flow, the
drag coefficient formula for the spherical particle was

Fig. 1 The calculation domain of the low pressure cold spray model
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taken from Morsi and Alexander (Ref 14) by default in
Fluent:

CD ¼ a1 þ
a2

Re
þ a3

Re2
ðEq 4Þ

where a1, a2, and a3 are constants (see Appendix A) that
apply over several ranges of Re.

According to a previous study (Ref 12), the drag
coefficient given by Henderson is more sensitive for the
shock in the supersonic flow. Therefore, Henderson cor-
relation was introduced to compare with the default Morsi
and Alexander correlation in this study. In Henderson
correlation (Ref 15), the drag coefficient involves both
Reynolds and Mach number of the particles as presented
in Eq 5-7:

For Map £ 1

CD ¼ 24

 

Rep þ ðc=2Þ1=2Map

(

4:33þ 3:65� 1:53 Tp=Tg

1þ 0:353 Tp=Tg

� �

� exp �0:247ð2=cÞ1=2 Rep
Map

� �)!�1

þ exp �0:5Map

Re
1=2
p

 !

�
"

4:5þ 0:38 0:03Rep þ 0:48Re
1=2
p

� �

1þ 0:03Rep þ 0:48Re
1=2
p

þ 0:1Ma2
p

þ 0:2Ma8
p

#

þ 0:6 c=2ð Þ1=2Map 1� exp �Map

Rep

� �� �

ðEq 5Þ

For Map ‡ 1.75

For 1 < Map < 1.75

CD ¼ CDð1:0;RepÞ

þ 4

3
Map � 1
	 


CD 1:75;Rep
	 


� CD 1:0;Rep
	 
� �

ðEq 7Þ

where the particle Mach number was given as

Map ¼
ug � up

�
�

�
�

ffiffiffiffiffiffiffiffiffiffiffi

cRTg

p ðEq 8Þ

For the non-spherical particle, the drag coefficient was
taken from Haider and Levenspiel (Ref 16):

CD ¼
24

Resph
ð1þ b1Reb2

sphÞ þ
b3Resph

b4 þ Resph
ðEq 9Þ

where b1, b2, b3, and b4 are constants provided in
Appendix B.

Under the assumption that the temperature of the
particle is under the vaporization temperature and
neglecting the temperature gradient inside the particle,

the particle temperature during the accelerating process in
the flow can be calculated as follows (Ref 13):

mpCpp
dTp

dt
¼ hApðTg � TpÞ ðEq 10Þ

where the convective heat transfer coefficient, h, is related
to thermal conductivity of the gas and the diameter of
particle by Nuselt number (Nu):

h ¼ kgNu

dp
ðEq 11Þ

Nuselt number can be described as

Nu ¼ 2:0þ 0:6Re1=2
p Pr1=3 ðEq 12Þ

Prandtl number, Pr, is given by

Pr ¼ ðlCpgÞ=kg ðEq 13Þ

2.5 The Particle Velocity Measurement

In this study, the previously measured in-flight particle
velocity with Spraywatch� (Oseir Ltd., Tampere, Finland)
at the position 10 mm away from the nozzle exit was
directly introduced for the validation of the numerically
predicted particle parameters. For velocity measurement,
commercial copper powder of different sizes was used
(Ref 17). Table 1 shows the particle size parameters
measured by laser granular analysis. The details of the
particle morphology and the experimental construction
can be found elsewhere (Ref 17).

3. Results and Discussion

3.1 Gas Flow Field

Figure 2 shows the comparison between the calculated
gas flow outside the nozzle and the experimental Schlieren
photos. Since the Schlieren photo was obtained based on
the different refractions of laser resulting from the dif-
ferences in density of gas flow (Ref 18), the picture can be
considered as density distribution of the gas field. The
simulated density contour demonstrates that the simulated

Table 1 The particle sizes measured with laser granular
analysis of the copper powder used in this study (lm)

D5 D10 D50 D90 D95 Mean size

Size 1 9.3 11 20 32.5 37.5 21
Size 2 4 4.6 28 45.5 52 28
Size 3 7.5 13.5 38.7 58.4 62.5 37.9
Size 4 9 18.1 48.3 69.5 75 47
Size 5 4 9.36 64.8 95.1 105 62.4

CD ¼
0:9þ 0:34

Ma2
p
þ 1:86

Map
Rep

� �1=2

2þ 4
cMa2

p
þ 1:058 1

Map

2Tp

cTg

� �

� 4
c2Ma4

p

h i

1þ 1:86 Map=Rep
	 
1=2

ðEq 6Þ
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nitrogen and helium gas flow is satisfactorily consistent
with the experimental one. Moreover, it can be seen
clearly that there exist a series of Mach diamonds. Among
the Mach diamonds, high velocity and low density areas of
the gas perform, which implies that the optimal standoff
distance may depend significantly on the detailed gas flow.

Figure 3 shows the contour of Mach number inside the
nozzle for nitrogen and helium gas. The sonic flow was
obtained by the expansion, and the acceleration of the gas
near the chocked throat for both nitrogen and helium. The
oblique shock waves were formed at the connection area
of diverging and barrel part due to the sharp change of the
cross-sectional area inside nozzle.

As the low-pressure cold spray system performs, the
powder is fed into the gas flow at the position just before
the appearance of shock diamond. Since the static pres-
sures of the feeding position (shown in Fig. 3) are 0.045
and 0.035 MPa for nitrogen and helium gases, respec-
tively, the pressure difference between gas flow inside
nozzle and the atmosphere resulted in the Venturi effect,
which makes it possible for the powder feeding under the

atmosphere in low-pressure cold spray process. When
higher propellant gas pressure (e.g., more than 1 MPa)
needs to be used, the additional pressure should be pro-
vided for the powder feeding gas.

It should be noted that near the nozzle exit, nitrogen
performed an over-expanded flow which makes the
oblique shock waves outside the nozzle exit due to the
relative higher back pressure of environment, whereas for
the helium gas, a thick boundary makes the flow velocity
decrease dramatically to about 1 Mach in the center of the
flow.

3.2 The In-flight Particle Parameters

The comparison of accelerating processes for a spher-
ical copper particle of 10 lm with smooth surface using
drag coefficient of Morsi-Alexander and Henderson is
shown in Fig. 4.

Although it was suggested that the Henderson drag
coefficient is sensitive to the shock waves in the gas flow
and the bow shock near substrate (Ref 12), no obvious

Fig. 2 The calculated contour of Mach number and density of
the gas field outside the nozzle exit and Schlieren images: (a)
calculated nitrogen flow, (b) Schlieren photo of nitrogen flow
(Ref 9), (c) calculated helium flow, and (d) Schlieren photo of
helium flow (Ref 9)

Fig. 3 The calculated Mach number contours of the flow inside
the nozzle for nitrogen and helium propellant gas

Fig. 4 The in-flight velocity of spherical copper particle with
size of 10 lm in nitrogen and helium gas flows
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difference of particle acceleration was observed in both
nitrogen and helium gas flow. As the typical particle size
of cold spray is 5-25 lm, it is suggested that the Morsi and
Alexander correlation is prior for the prediction of parti-
cle in-flight velocity. Nevertheless, the velocity shown in
Fig. 4 needs to be validated with further experimental
data.

Figure 5 shows the velocity of spherical copper of dif-
ferent sizes accelerated by nitrogen and helium gas flow.
As a comparison, the axial gas velocity was also presented.
Although the Mach numbers for nitrogen and helium
flows are close to each other inside the nozzle (shown in
Fig. 3), the velocity of the latter is about 2.5 times that of
the nitrogen flow due to the higher specific heat ratio
(1.66), as well as the lower molecular weight of helium
than that of nitrogen (1.4).

It is clear that the velocity of particle with a size less
than 5 lm (e.g. 2 lm) was significantly influenced by the
shock waves of gas flow away from nozzle exit. Never-
theless, the velocity can be kept unreduced to about

30 mm for 5 lm and over 40 mm for 20 lm due to the
particle inertia. This implies that the normally used
standoff distance of 10 mm can be extended to at least
30 mm for low-pressure cold spray. However, the previous
research has pointed out that the longer distance may
result in the decrease of the deposition efficiency and
lower coating property due to the profile of the velocity in
the cross plane outside the nozzle (Ref 19, 20).

Figure 6 shows the simulated in-flight velocity of
10 mm away from nozzle exit for non-spherical particle
accelerated in nitrogen and helium gas flows using drag
correlation of Haider and Levenspiel. For the near-
spherical copper particles in this study, an estimated shape
factor of 0.85 was obtained in Eq 9 by microscope and
image analysis. Using the mean value of the particle size
(VMD), a reliable in-flight velocity comparable with the
experimental values can be obtained for a series of par-
ticle size in both nitrogen and helium gas flows.

One of the most important advantages of cold spray is
that the particle experiences a much lower temperature

Fig. 5 The axial gas velocity and in-flight velocity of spherical
copper particle of 2, 5, and 20 lm accelerated in nitrogen and
helium gas flows: (a) nitrogen gas and (b) helium gas

Fig. 6 The validation of the simulated in-flight velocity for non-
spherical copper powder with different sizes: (a) in-flight particle
velocity in nitrogen flow and (b) in-flight particle velocity in
helium flow
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than in traditional thermal spray process. The same
characteristic was observed in low-pressure cold spray in
this study. The calculated temperature of copper particle
with a size of 20 lm and an inlet temperature of 298 K can
reach 284 K in nitrogen and, even 262 K in helium gas
flows at the position 10 mm away from the nozzle exit.
Although the accurate temperature of the particle is still
not confirmed by experimental method, this low temper-
ature feature makes low pressure cold spray a suitable
method to deposit materials with low melting point such
as Sn, Pb, and so on (Ref 21).

4. Summary and Conclusions

In this study, the 2-D computational model for low-
pressure cold spray process was established based on the
commercial CFD software Fluent to predict the in-flight
particle parameters including velocity and temperature.
The simulated gas field outside the nozzle exit is well
consistent with the experimental Schlieren photos.
Moreover, the performance of the nozzle used in this
study is quite different for nitrogen and helium propellant
gases. It was observed that the gas jet of helium presents
separation near the nozzle exit, which can affect the
uniformity of the particle velocity distribution along the
cross section of the nozzle tunnel. Under the operating
gas pressure of 0.7 MPa, a pressure difference of 0.035-
0.045 MPa between internal gas jet and the environ-
mental pressure, which provides the propellant force for
powder feeding.

The drag coefficient is the most important factor in the
DPM methodology after the steady continuous flow field
was obtained. For non-spherical particles, the Haider and
Levenspiel correlation can provide quite satisfactory
results for particle in-flight velocity. For spherical-shape
copper powder of 20 lm, the in-flight velocities 10 mm
away from the nozzle exit present 484 and 343 m/s when
accelerated by helium and nitrogen gases, respectively.
However, when the size of the particle is decreased to
5 lm, a velocity of about 1058 m/s with helium gas, and
612 m/s with nitrogen gas can be obtained, each of which
is much higher than the critical velocity of copper.Thus, if
the small particle can be fed successfully into the low-
pressure cold spray nozzle, then it can be expected that
even under gas pressure of 0.7 MPa with low flow rate,
effective deposition efficiency could be obtained. Al-
though it has not been validated by experiment, the tem-
perature of the particle obtained using the CFD model can
provide an important reference of low-pressure cold spray
in a few cases.
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Appendix A

The constants for Eq 4:

Appendix B

The constants for Eq 9:
b1 = exp(2.3288 � 6.4581U + 2.4486U2)
b2 = 0.0964 + 0.5565U
b3 = exp(4.905 � 13.8944U + 18.4222U2 � 10.2599U3)
b4 = exp(1.4681 + 12.2584U � 20.7322U2 + 15.8855U3)
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