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In an effort to corroborate theoretical and experimental techniques used for cold spray particle velocity
analysis, two theoretical and one experimental methods were used to analyze the operation of a nozzle
accelerating aluminum particles in nitrogen gas. Two-dimensional (2D) axi-symmetric computations of
the flow through the nozzle were performed using the Reynolds averaged Navier-Stokes code in a
computational fluid dynamics platform. 1D, isentropic, gas-dynamic equations were solved for the same
nozzle geometry and initial conditions. Finally, the velocities of particles exiting a nozzle of the same
geometry and operated at the same initial conditions were measured by a dual-slit velocimeter. Exit
plume particle velocities as determined by the three methods compared reasonably well, and differences
could be attributed to frictional and particle distribution effects.

Keywords aluminum, CFD, modeling, nozzle, velocity
measurement

1. Introduction

The U.S. Army utilizes metal coatings in many of its
weapons systems for the strengthening or protection of
vulnerable substrates. The quality of these coatings is
characterized by the non-porous nature of the metal
coating and its ability to adhere to the substrate.
Extremely non-porous and adherent metal coatings can be
applied to surfaces by impacting metal particles onto the
surface at supersonic velocities. This cold spray process is
carried out at the U.S. Army Research Laboratory Center
for Cold Spray (ARLCCS) in Aberdeen, MD.

The cold spray system accelerates micron-sized parti-
cles to high velocities by entraining the particles in the flow
of a supersonic nozzle as shown in Fig. 1. High velocity is
necessary for optimal particle deposition and coating
density, and several parameters, including gas conditions,
particle characteristics, and nozzle geometry, affect the
particle velocity. It has been well established that impact-
ing particles must exceed a ‘‘critical velocity’’ to deposit
instead of bouncing off. The magnitude of the critical
velocity can be estimated through the use of empirical
relationships, which generally depend on particle mate-
rial characteristics, such as density, ultimate strength
and melting point as well as the particle temperature

immediately before impact (Ref 1). Typically, the veloci-
ties and temperatures of particles prior to impact are cal-
culated as functions of particle diameter. Those particles
with velocities higher than critical velocity will deposit.
The known particle volume distribution as a function of
diameter then allows the calculation of deposition fraction
(mass-deposited/total mass). Accurate knowledge of par-
ticle velocity is thus critical to the prediction of the quality
of the anticipated cold spray applications.

Particle velocity can be calculated and can be measured
directly. Both techniques are non-trivial and require
complex calculation and equipment. The Army has uti-
lized 1D, frictionless, gas-dynamic calculations to predict
gas flow velocities for various cold spray operating con-
ditions (Ref 2). Li and Li (Ref 3) make use of commercial
CFD code to optimize nozzle geometry for maximum
particle velocity. Pardhasaradhi et al. (Ref 4) compare the
laser-illuminated, time of flight velocity measurements
with the empirical model given by Alkhimov et al. (Ref 5).
Jodoin et al. (Ref 6) utilize the Reynolds average Navier-
Stokes equations within a computational platform to
model nozzle flow with boundary conditions similar to
those employed here, and they document the effects of gas
type and stagnation conditions. Samareh et al. (Ref 7) use
computational fluid mechanics to describe the effect of
particle concentration on gas velocity for two nozzle
geometries. Both Jodoin et al. and Samareh et al. compare
calculation to measurement by means of time-of-flight
between pulsed illumination.

A concern at the Army Research Laboratory has cen-
tered about the magnitude of overestimation of particle
velocity and hence deposition efficiency due to the neglect
of friction and boundary layer effects in the 1D calcula-
tion. This concern initiated efforts to enhance the mod-
eling through the addition of friction via computational
fluid dynamics. Accordingly, an effort was initiated to
determine the scope of variation among methods of
particle velocity prediction and measurement.
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2. The Cold Spray Application

Deposition of aluminum by cold spray is a common
application and is often applied for the purpose of sub-
strate corrosion protection and for defect repair. A Ktech
(Albuquerque, NM) cold spray system is used at the Army
Research Laboratory for aluminum spraying. The
arrangement of this system is described in Fig. 1, and is
very similar to cold spray systems operated in other
facilities. The particle velocities at the nozzle exit of this
specific cold spray system and nozzle are considered here.

The aluminum powder used for these calculations and
experiments is identified as H-12, supplied by Valimet Inc.
(Stockton, CA), and the powder has a lognormal distri-
bution with a mean diameter of 15 lm and a standard
deviation of 1.57. A micrograph of this powder is shown in
Fig. 2, and it is seen that all the particles are spherical. The
resulting deposition of this powder when cold sprayed
under the conditions studied in this article is shown in
Fig. 3.

The calculations described below consider spherical,
15-lm diameter particles only. Non-spherical particles can
be considered if a form factor adjustment is made to the

coefficient of drag. Particle agglomeration, as can be seen
in Fig. 3, is generally found for all the thermal spray
powders. Severe agglomeration can retard bulk powder
flow. For the purpose of these calculations, the agglom-
eration of H-12 is assumed to disperse as a result of
turbulent travel through feed lines. This behavior is
demonstrated by SEM photographs of single-layer-
deposited aluminum and copper powders, which show
individual particles (Ref 8 and 9, as well as ARLCCS
experience).

3. Computational Modeling of the Nozzle

The commercially available software, GridPro for
generating curvilinear grids and CFD++ for solving the
flow (Metacomp Technologies, Agoura Hills, CA), are
selected for the axi-symmetric flow solution. A 2D grid is
generated using GridPro and the axi-symmetric option is
used in CFD++ to simulate the flow through the nozzle.
The entire nozzle geometry is shown in Fig. 4 to give a
general idea of the dimensions involved. The nozzle throat
diameter is 2 mm, and the exit diameter is 7 mm, for an

Fig. 1 The cold spray process

Fig. 2 H-12 aluminum powder Fig. 3 Aluminum H-12 deposit over 6061 aluminum alloy
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area ratio of 12.25. The length of the nozzle as modeled is
153 mm, beginning at the particle injection point and
ending at the nozzle exit.

4. Problem Setup in CFD++

4.1 Equation Set

The Reynolds Averaged Navier-Stokes equation
set along with the realizable k-e turbulence model for
the fluid are selected as governing. This gives a total
of six equations—conservation of mass, conservation of
momentum in two dimensions, conservation of energy, an
equation for the turbulent kinetic energy, k, and an
equation for turbulence dissipation, e.

CFD++ uses the Eulerian Dispersed Phase model to
couple the dispersed phase with the fluid dynamics. For
the dispersed species, an additional set of three equations
must be solved—these are the mass equation and the
momentum equations in two directions. In addition to the
interphase drag force, the effects of pressure gradient

force, the virtual-mass force, lift force, and the turbulent
dispersion force have been included. The effect of gravity
is not included due to the small particle size (15-lm
diameter) and the high speeds (Mach 1-3) involved. An
Eulerian-based Henderson drag coefficient model is used
for the gas-particle flow interactions (Ref 10).

4.2 Computational Grid

The computational grid in and around the nozzle is
shown in Fig. 5. The half-plane of the full nozzle is shown,
followed by the grid near the end of the inner tube at the
beginning of the converging section and the grid near the
exit of the nozzle. The grid spacing in the wall normal
direction is 1e�6 m and in the direction normal to the axis
is 1e�5 m.

4.3 Boundary Conditions

At the annulus inlet, the static pressure and temper-
ature are set to 3.2 MPa and 673.15 K, respectively. At
the inner injection tube, the static pressure of 3.2 MPa

Fig. 4 Nozzle geometry (not to scale)

Fig. 5 The grid construction
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and a temperature of 293.15 K are applied. The alumi-
num particles are assumed to be spherical, of 15-lm
diameter. Also the fluidized density of the aluminum is
set at 10 kg/m3 at the inlet of the inner injection tube.
All the walls are treated as viscous adiabatic. At the two
outer boundaries, the room pressure and temperature are
applied. Also, at these boundaries the flow is allowed to
move in either direction. The boundary conditions are
summarized in the Table 1 below. These boundary con-
ditions lead to the calculated mass flow rates of N2 of
1.4e�2 kg/s through the annulus and 4e�3 kg/s through
the inner tube. The computed mass flow rate of Al
through the inner tube is 7.6e�4 kg/s. A free-stream
distance of 25 mm is assumed between the nozzle exit
and an impact plane.

5. One-Dimensional Model

The modeling of particle velocity is carried out in two
steps:

1. The gas velocity and temperature in the nozzle
are calculated by means of isentropic gas dynamic
principles.

2. Friction between gas and particles is introduced as a
drag coefficient and is used to iteratively calculate
particle velocity through the nozzle, given the known
gas velocity.

A more detailed description of the calculation proce-
dure than that given here can be found in Helfritch and
Champagne (Ref 11).

5.1 Gas Flow

The gas flow model uses isentropic relationships
(Ref 12) and linear nozzle geometry. The assumptions for
the calculation are as follows:

� The gas flow is inviscid.

� The gas flow is adiabatic, i.e., no heat loss occurs to
the surroundings.

� Flow through the nozzle is 1D; hence, the flow
velocity, pressure, and density are uniform across any
cross section, normal to the nozzle axis.

� Particles do not influence gas conditions.

Under these conditions, the relationship between the
nozzle area, A, and the Mach number, M, is given by Eq 1,
where c is the ratio of gas specific heats (Cp/Cv):

A1

A2
¼M2

M1

1þ c� 1ð Þ=2½ �M2
1

1þ c� 1ð Þ=2½ �M2
2

� � cþ1ð Þ
2 c�1ð Þ

ðEq 1Þ

A small initial subsonic Mach number and initial (stag-
nation) values of pressure and temperature are assigned at
the converging section of the nozzle. The Mach number is
then iteratively increased (M1 fi M2), while gas charac-
teristics are calculated for each point through isentropic
relationships. Equation 1 yields the change in area
(A1 fi A2) required for the Mach number increment, and
progression along the nozzle axis is calculated from the
area change and the nozzle geometry given by Fig. 4. The
Mach number is increased past Mach 1 until the calculated
longitudinal magnitude exceeds the nozzle length. This
results in the initial, assigned, Mach number at the nozzle
entrance, Mach 1 at the nozzle minimum area, or throat,
and approximately Mach 3 at the nozzle exit.

5.2 Particle Motion

Once the gas conditions and velocity are characterized,
the particle velocity is iteratively calculated from the
nozzle entrance to the substrate through the use of the
particle drag relationship, given by Eq 2.

m
dVp

dt
¼ CD p=8ð Þqgd2 Vg � Vp

� �2 ðEq 2Þ

where Vp and Vg are particle and gas velocities, m is the
particle mass, qg is the gas density, and d is the particle
diameter. The drag coefficient, CD, is given by Carlson and
Hoglund (Ref 13), who correct the simple Stokes’ drag law
relationship for inertial, compressibility, and rarefaction
effects.

5.3 1D Boundary and Initial Conditions

The nozzle shape, i.e., radius versus distance from the
inlet, was chosen to be equal to that used for the CFD
computation, as shown in Fig. 4. The stagnation pressure
is assumed to be 3.2 MPa as shown in Table 1. The stag-
nation temperature is assumed to be 588 K, which corre-
sponds to the mixed temperature of the inlet annulus and
inlet inner tube of Table 1. The aluminum particle char-
acteristics are equal to that of the CFD computation, i.e.,
spherical, 15-lm diameter.

6. Experimental Arrangement

A cold spray system at the Army Research Laboratory
was used to generate data. This system is described in
more detail by Champagne et al. (Ref 14). The nozzle
geometry of this system is shown in Fig. 4. Aluminum
powder with a particle volume mean diameter of 15 lm
was sprayed, while the system was operated at the pres-
sures and temperatures given by Table 1.

Table 1 Boundary conditions

Figure 5
identification

Pressure,
MPa

Temperature,
K

Inlet annulus A 3.2 693.15
Inlet inner tube B 3.2 293.15
Nozzle wall C … Adiabatic
Inner tube wall D … Adiabatic
Substrate/far wall E … Adiabatic
Top exit F 0.101 293.15
Left exit G 0.101 293.15
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Particle velocities in the plume of the cold spray nozzle
were measured by a DPV-2000 dual-slit velocimeter
(Tecnar Automation Ltd., St. Bruno, QC, Canada). The
DPV-2000 workstation consists of a sensing head, linked
to a detection module by means of an optical cable. The
sensing head is located approximately 10 cm from the
spray plume, and a 785-nm laser illuminates particles that
pass the optical sensor head, which contains a two-slit
photomask. A particle passing in front of the photomask
will generate a two-peak signal as illustrated in Fig. 6.
The particle velocity is the time of flight between the
slits, divided by the distance between the slits. The sensing
head is mechanically scanned such that the focus point
defines a 6 mm 9 6 mm grid of 1 mm mesh size in a plane
perpendicular to the plume.

The velocities of all the particles are measured, and the
averaged values of these measurements at each mesh
point comprise the recorded velocity at that point. The
Cartesian coordinates are then converted to cylindrical
compare with calculation.

7. Comparative Results

7.1 Model Calculations: Full Nozzle Length

The velocity results of the CFD and 1D computations
are shown in Fig. 7. Sonic velocity, based upon instanta-
neous temperature, is attained for each calculation, and
supersonic flow exists beyond the throat. The CFD con-
tour visualizations show flow separation near the nozzle
exit, and a series of shock/expansion waves follow the
nozzle exit, due to the over expanded area ratio of the
nozzle. The existence of this oblique shock wave inside
the nozzle near the exit was also seen by Jodoin et al.
(Ref 6) and represents a pressure correction necessi-
tated by the overexpanded jet. The axial velocity rapidly
approaches zero starting at approximately 1 mm from the
target wall, indicating a bow shock standoff of this dis-
tance. Radial velocity is not shown in this figure, and so
gas deflection at the wall is not visualized.

Particles are uniformly accelerated by the gas flow.
They are relatively unaffected by the extreme variations in
gas velocity at the nozzle exit, due to the momentum of
the particles. Unlike the gas, the axial particle velocity
remains high to the point of boundary impact.

The axial CFD-computed velocities and 1D results
are compared in the graph of Fig. 7, where the x scaleFig. 6 DPV 2000 operating principle

Fig. 7 1D and axisymmetric calculated results
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corresponds to the nozzle visualizations above. Large
variations in gas velocity due to shock and expansion
waves are seen at the nozzle exit for the CFD calculation.
This effect is not captured by the 1D analysis. The 1D
computation yields gas and particle velocities that are
approximately 100 m/s higher than that of the CFD
computation at the nozzle exit. This difference can be
attributed to the inviscid assumption of the 1D calculation.

Figure 8 is an enlargement of an area near the nozzle
wall, identified by the circle in Fig. 7. Nitrogen velocity is
represented both as color and as vectors. The flow
boundary layer near the wall is clearly visible and is seen
to have a displacement thickness of approximately
0.15 mm. While this displacement thickness represents
17% of the flow area, particle velocities are minimally
affected because the particle flow is concentrated near the
centerline of the nozzle.

7.2 Model Comparison with Experiment

The calculated and the measured particle velocities in a
plane 15-mm downstream of the nozzle exit are compared
in this section. An expanded view of the CFD-computed
particle velocities is shown in Fig. 9, with the experimental
measurement plane identified. Note that the color scale
has changed from that of Fig. 7. Results of the particle
velocity scan by the velocimeter in the plane defined by
Fig. 9 are shown in Fig. 10. This figure was compiled from
measurements taken on a 6 mm 9 6 mm grid of 1 mm
index. Maximum particle velocity is seen to be about
700 m/s for both CFD (Fig. 9) and experiment (Fig. 10).

The calculated and measured axial particle velocities on
this plane, as functions of radial distance from the cen-
terline are shown in Fig. 11. The 1D calculation result is
given as a single value, since the second dimension, radial
distance, is not considered.

8. Conclusions

The similarity in the results of the CFD and 1D com-
putations is good, considering that the equation sets uti-
lized for calculation are significantly different. The CFD
computation clearly results in more flow field information
and includes viscous effects, such as boundary layer. This
frictional effect leads to a slightly lower gas velocity when

Fig. 8 Nitrogen flow velocity near nozzle wall (see Fig. 7)

Fig. 9 The CFD-calculated exit plume of the nozzle

Fig. 10 Particle velocity measurement in the exit plume

Fig. 11 Particle velocity vs. distance from nozzle centerline
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compared to inviscid 1D. Particle velocity measurements
in the exit plume of a cold spray system operating under
the conditions used for calculation give velocities between
those of the CFD and 1D calculations. Many factors may
have contributed to the differences noted by the three
techniques. These factors include the difference between a
viscous and inviscid flow field and the reality that particle
diameter is not constant but is defined by a log normal
distribution.

This procedure can be extended to particle distribu-
tions, where velocity calculations are made for several
particle diameters. Small diameter particles with veloci-
ties greater than the critical velocity for that metal will
deposit, while larger particles with smaller velocities do
not deposit. Knowledge of the particle size distribution
then allows an estimate of the overall deposition efficiency
of the powder. These computational techniques are cur-
rently applied for feasibility to new cold spray applications
at the ARLCCS.

The computations show particle impact velocities
above 650 m/s. The ARLCCS has shown that aluminum
deposition results when operating the nozzle at the initial
conditions chosen for these computations. It is also known
that velocities below the critical value of approximately
600 m/s do not result in aluminum deposition (Ref 1). The
computational results are thus verified by known alumi-
num particle deposition by cold spray.
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