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The kinetic spray coating process involves impingement of a substrate by particles of various material types
at high velocities. In the process, particles are injected into a supersonic gas stream and accelerated to high
velocities. A coating forms when the particles become plastically deformed and bond to the substrate and to
one another upon collision with the substrate. Coating formation by the kinetic spray process can be affected
by a number of process parameters. In the current study, several spray variables were investigated through
computational modeling and experiments. The examined variables include the temperature and pressure of
the primary gas, the cross-sectional area of the nozzle throat, the nozzle standoff distance from a substrate,
and the surface condition of nozzle interior and the powder gas flow. Experimental verification on the effects
of these variables was performed primarily using relatively large-size aluminum particles (63-90 pm) as the
feedstock material. It was observed that the coating formation is largely controlled by two fundamental
variables of the sprayed particles: particle velocity and particle temperature. The effects of different spray
conditions on coating formation by the kinetic spray process can be generally interpreted through their
influences on particle velocity and/or particle temperature. Though it is limited to accelerate large particles
to high velocities using compressed air or nitrogen as carrier gas, increasing particle temperature provides

an additional means that can effectively enhance coating formation by the kinetic spray process.

Keywords coating formation, computational fluid dynamics, de-
position efficiency, discrete particle simulations, ki-
netic spray process, metallic powders, spray parameters|

1. Introduction

The kinetic spray process is a relatively new process that in-
volves using high velocity particles to generate surface coatings
(Ref 1-11). A kinetic spray nozzle system is schematically
shown in Fig. 1. In this process, powder particles are injected
into a supersonic gas stream and accelerated to high velocities.
When the particles impinge upon a substrate, the powder par-
ticles deform plastically and bond to the substrate and one an-
other to form a coating. In general, the inlet gas flow is heated to
elevated temperatures to accelerate the particles to higher veloc-
ities. However, the temperatures of both the gas flow and the
particles are well below the melting temperature of the coating
material. Thus the kinetic spray process is a relatively low-
temperature process compared with conventional thermal spray
processes. The kinetically sprayed coatings are often character-
ized by relatively little oxidation, low residual stresses, high de-
position rates, and good coating-substrate bonding (Ref 3-9).
With the relatively low process temperatures, the kinetic spray
process does not cause phase transformations and composition
variations that may otherwise occur in the spray processes in-
volving high temperatures or melting, making this coating pro-
cess particularly useful for thermally sensitive materials.

In the kinetic spray process, the velocity of the sprayed pow-
der particles is considered as a key physical quantity that criti-
cally affects the coating formation. For a given powder-substrate
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combination, a critical velocity of powder particles was sug-
gested, above which coating formation occurs (Ref 3-5). There-
fore, the ability to manipulate spray conditions of the kinetic
spray process to maximize particle velocities is highly desirable
to enhance the coating formation by the kinetic spray process.
This is particularly true if one wants to use nitrogen or com-
pressed air (instead of helium) as carrier gas and large size par-
ticles as feedstock. Because the kinetic spray process is a rela-
tively new coating process, the effects of spray variables on
coating formation have been conducted to much lower degrees,
compared with various thermal spray processes. In the previous
studies, various spray parameters were investigated in terms of
its effect on particle velocities (Ref 5, 8, 11). This work presents
a systematic study including additional important kinetic spray
parameters, in an attempt to provide some guidance to improve
the coating formation.

Computational modeling of the kinetic spray process was
performed along with experimental studies to understand the
complex interactions between the gas flow and particle dynam-
ics. The Navier-Stokes equations are solved for the gas flow
with a discrete particle model to track the particles injected in the
gas flow. In addition to the temperature and pressure of the main
gas, the effects of other less prominent variables on the kinetic
spray process were also examined. These include the size of the
nozzle throat, surface condition of nozzle interior, standoff dis-
tance, and powder gas flow rate. Furthermore, it is recognized in
the current study that sprayed particles can be softened at el-
evated temperatures and thus plastically deformed more easily
in the kinetic spray process. In other words, the increased par-
ticle temperature can effectively lower the critical particle ve-
locity, thus enhancing the coating formation.

Accordingly, particle temperature is treated as a fundamental
variable in addition to particle velocity in the kinetic spray pro-
cess. To simulate particle velocity and particle temperature, the
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Fig. 1 Schematic illustration of the kinetic spray nozzle configuration

computational model and the basic gas dynamics for the kinetic
spray process are outlined in section 2. The experimental proce-
dures for coating deposition via the kinetic spray process are
described in section 3. In Sec. 4, we present modeling and ex-
perimental results, along with the discussions on the effects of
spray conditions on the coating formation. Then, the major find-
ings of this work will be summarized in section 5.

2. Basic Gas Dynamics and
Computational Model

To explain basic compressible gas dynamics in a nozzle, a
one-dimensional isentropic flow is first considered. Assuming
the flow is adiabatic and frictionless, one can calculate the state
values of the gas pressure P, temperature 7, and velocity u,
throughout the nozzle. The changes of these gas state values are
simply dependent on the local Mach number M and the gas spe-
cific heat ratio y. The local Mach number is defined as:

u
M= - where ¢ ="\/YRT (Eq 1)

R is the gas constant, and c is the speed of sound. The Mach
number M can be derived as a function of the local area ratio
A/A* and the gas specific heat ratio y (Ref 12):

A 1 2 Y- 1 5 (y+1)72(y-1)
IERE)

where A is the local cross sectional area of the nozzle and 4 * is
the nozzle throat area.
The total mass flow rate through the nozzle is:

(Eq2)

* A
A 2

[)0 Y 'y+1 —(y+1)/2(y-1)
VT, i) a2
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A*

= Cross sectional area at the throat

A(x) = Cross sectional area of the nozzle ata

nozzle axial location, x

For a given operating inlet condition, from Eq 3, the total mass
flow rate through the converging-diverging nozzle increaseslin-
early with the total inlet pressure P, and the throat area 4 *. How-
ever, the mass flow rate decreases with square root of the inlet
gas temperature 7.

Once the gas flow field becomes known in a nozzle, the par-
ticle acceleration and the heat transfer to the particles can be
calculated. The acceleration of a particle due to the drag force D
is expressed by:

au, 1 )
" g =2 Cpp(u — Up) A,
where u and U, are the gas and particle velocities, p is the gas
density, m, is the particle mass, 4, is the projected cross-
sectional area of the particle perpendicular to the flow, and Cp, is
the drag coefficient of the particle. Note that Cy, is a function of
the Reynolds number and the Mach number (Ref 13). For a
given drag force on a particle, the trajectory and the velocity of
a particle can be obtained from Eq 4.

In considering particle temperatures, one has to examine the
Biot number for metallic particles in a heated gas flow. The Biot
number can be represented by Bi = hd/k,,, where h is the convec-
tive heat transfer coefficient, d the particle diameter, and &, the
heat conductivity of the spray material. Due to the relatively
high heat conduction within the metallic particles, the Biot num-
ber for the kinetic spray application is typically less than 0.1.
Thus, it is reasonable to assume the particle temperatures as ho-
mogeneous within individual particles. Then the heat transfer
between gas and particle can be modeled from the following
equation:

m (Eq 4)

T,
m,Cp, o S\WT —T,) (Eq 5)
where Cp, is the particle specific heat, T, the particle tempera-
ture, and S, the surface area of the particle. 7, is the so-called
recovery temperature, namely the gas temperature in the bound-
ary layer, which may be much higher than the free stream gas
temperature due to viscous heat dissipation. The convective heat
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transfer coefficient / can be obtained from the following Nusselt
number correlation applicable for high Mach numbers (Ref 14):

Nuz"d 2+ 0.459Re 55 PO -
U=—=
kg 3.42M(2 + 0.459Re" > PrO3) q
1+
RePr

where Pr is the Prandtl number, Re the Reynolds number, and M
the Mach number. The gas thermal conductivity k, should be
evaluated at 7,, the recovery temperature.

The one-dimensional isentropic flow analysis is useful in
gaining a basic understanding of ideal gas flow in the nozzle.
However, it cannot represent a real three-dimensional (3D) gas
flow that includes wall friction and turbulent mixing between the
heated main gas and the low-temperature powder gas flows. To
capture more realistic features of kinetic spray process including
the effects of gas and particle interactions and turbulent mixing,
computational simulations were conducted in connection with
experimental studies. Applying computational fluid dynamics
(CFD), one can predict the gas flow characteristics inside the
converging/diverging nozzle and the impinging supersonic tur-
bulent jet on the substrate. The governing equations are the
mass, momentum, and energy conservation equations for both
gas flow and particle dynamics.

The CFD code FLUENT is capable of treating interactions
between the gas phase and the powder particles in terms of mo-
mentum and energy (Ref 15). Previously, FLUENT simulation
was applied to optimize the cold-spray process (Ref 16). In the
current study, a standard k-& turbulence model is used to account
for turbulence in the flow (Ref 17). As the gas flow is compress-
ible, the density variations in the field are predicted based on the
ideal gas law. For boundary conditions, the operating pressure
and the temperature are specified for the primary gas where the
flow is subsonic. At the location where the particles are injected
into the gas stream, one specifies the powder gas flow rate, the
powder feed rate, and the particle size. At the nozzle walls,
the nonslip condition is used with the turbulent wall function
(Ref 17).

Depending on powder feed rate, the main gas flow can influ-
ence discrete particles and vice versa. Therefore, the interaction
of particles with the gas flow was taken into consideration in the
simulations. In a coupled approach, calculations of the gas flow
phase and the discrete particle phase were alternated until a con-
verged coupled solution is achieved. Using the code FLUENT,
the particle trajectories are computed both in the nozzle and in
the downstream of the nozzle exit until the particles collide with
a substrate. The dispersion of particles due to turbulence in the
gas flow can also be considered via the stochastic tracking model
(Ref 18). Such a model includes the effect of instantaneous tur-
bulent velocity fluctuations on the particle trajectories. The de-
tails of these physical models for discrete particle interactions
with turbulent flows are described in Ref 15. A typical 3D mesh is
shown in Fig. 2. The total number of finite volumes is about
20,000 cells for an axial-symmetric model and about a half mil-
lion cells for a 3D model to obtain accurate numerical solutions.
To check the numerical accuracy of the computational model,
the 3D computational model was simulated under inviscid and
adiabatic flow assumption for comparison with the theoretical
isentropic flow solution. This is a useful procedure to investigate
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the effects of “numerical diffusion (or false diffusion)” on the
accuracy of CFD solutions. The numerical diffusion could be
introduced when the convection terms in the Navier-Stokes
equations are approximated by various discretization schemes.
In this work, the 3D computational simulation with the inviscid
and adiabatic flow assumption predicted fairly well the gas flow
Mach numbers, pressures, and temperatures in the nozzle com-
pared with the theoretical 1D isentropic flow solutions. For ex-
ample, Fig. 3 shows the computed Mach numbers and a direct
comparison with the theoretical solution (Ref 12), indicating a
good agreement between the two results. The 3D simulation re-
sult also shows that the Mach numbers decrease rapidly due to a
compression shock at the nozzle exit and becomes zero at the
substrate. To understand the effects of the gas viscosity on the
pressure drop, inviscid flow case was compared with the laminar
flow and turbulent flow cases shown in Fig. 4. For both laminar
and turbulent flow cases, there was no shock formation in the
nozzle. Strong interactions of the supersonic jet with the free
stream occur right after the nozzle exit due to very high shear
rate around the supersonic jet. As shown in Fig. 4, the effect of
the gas viscosity on the gas pressure appears relatively insignifi-
cant for rapidly accelerating flows.

3. Experimental Procedures

The kinetic spray facility at Delphi Research Laboratories
was used for the experimental studies of coating deposition. A
detailed description of the kinetic spray process and the facility
was reported previously (Ref 8, 9). Two types of spray nozzles
were used in the current study. They are nearly identical in terms
of shape, geometry, and dimensions except for the sizes of their
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Fig.4 Pressure distribution in the converging and diverging nozzle for
three different flow assumptions; inviscid, laminar, and turbulent flows

throats and exits: one has a 2 mm diameter throat with 2 x 10 mm
exit, and the other has a 2.83 mm diameter throat with 4 x 10 mm
exit. The exit of the nozzle is a rectangular shape and the nozzle
expansion ratios for these two nozzles are the same as 6.37. Al-
though a circular exit nozzle is desirable for the gas flows, the
rectangular exit shapes were chosen to maximize the coverage of
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Fig.5 Morphologies of the gas atomized aluminum powder particles

the coating surface areas. The total length of the nozzle is 121
mm, and the length between the throat and the exit is 88 mm. The
aluminum powder, supplied by Valimet, was prepared using a
gas atomization process. The particle size distribution of the
powders was 63-90 pm and their morphologies are shown in Fig.
5. The feedstock powders were injected into the spray nozzle
using a high-pressure powder feeding system with calibrated
powder feed rate. Both the powder feed gas and the main gas
were compressed nitrogen. Al alloy strips, mounted on a com-
puter-controlled XYZ stage, were used as substrates. During
coating deposition, the substrates were translated at controlled
traverse speeds in front of the spray nozzle. This led to coatings
with varying mass loadings (defined as weight gain per unit
area). The powder particles are fed with a high-pressure powder
feeder, and the powder feed rate was kept at 1 g/s in the current
study. The loading of a deposited coating was determined by
measuring the weight of the sample before and after deposition,
and deposition efficiencies of the coatings were calculated based
on their mass loadings and consumed powder particles.

4. Results and Discussion

In the following sections, the effects of various spray vari-
ables on coating deposition are discussed in terms of loading
behavior, deposition rate, and deposition efficiency of the coat-
ings.

4.1 Effect of Inlet Gas Temperature and Pressure

One-dimensional isentropic flow simulations, based on Eq 2,
4, and 5, were performed to understand the effects of operating
gas pressures and temperatures on particle velocities and tem-
peratures. The nozzle throat is assumed to be 2.83 mm, with the
nozzle expansion ratio of 4/4* = 6.37. Figures 6 and 7 show the
computed results of the velocity and the temperature of alumi-
num particles (63 pm diameter) at the nozzle exit. Generally
speaking, the particle velocity can be increased by raising either
the inlet gas pressure or the gas temperature. Such a result is not
unexpected and was also indicated in the previous studies (5,
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11). However, it is of particular interest to note the effects of the
inlet gas condition on the particle temperature. Smaller varia-
tions are shown as a function of gas pressure, and the particle
temperature exhibits strong dependence on the gas temperature.
As shown in Fig. 7, the temperature of a 63 um Al particle can
reach as high as 500 K at the inlet temperature of 700 K. Around
particle temperature of 500 K, certain types of metallic particles
can be significantly softened, promoting plastic deformation
during coating formation by the kinetic spray process. For ex-
ample, the yield strength of Al decreases from 130 MPa at room
temperature to 40 MPa at approximately 500 K. Figure 8 shows
experimental data of the deposition efficiencies of aluminum
powder particle (63-90 um) deposited at different inlet gas tem-
peratures. Other spray conditions were kept the same in the test:
the powder feed rate of 1 g/s, the inlet gas pressure was of 2.07
MPa (300 psi, gauge pressure), and the powder gas pressure of
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2.41 MPa (350 psi, gauge pressure). The result for the relatively
large aluminum particles indicates that the deposition efficiency
increases linearly with increasing the inlet gas temperature. This
can be attributed to both increased particle velocity and en-
hanced particle temperature. Though particle temperature may
not play a significant role when relatively low temperature he-
lium is used for small particles (Ref 5, 11), it could become a
significant variable when using compressed nitrogen as propel-
lant gas for relatively large particles. In this case, much higher
gas temperatures (up to ~1000 K) are required to achieve rea-
sonably high deposition efficiency for large size particles. Ac-
cordingly, this offers the possibility for metallic particles to be
heated to elevated temperatures at which materials may be sig-
nificantly softened for ease in coating formation by the kinetic
spray process.

4.2 Effect of the Nozzle Throat Area

From Eq 3, the throat area of the spray nozzle is a primary
factor governing the mass flow rate of the main gas. For a given
inlet condition, the total mass flow rate through a converging-
diverging nozzle is linearly proportional to the throat area when
the gas flow is choked at the throat section. When such a condi-
tion occurs, the nozzle is passing the maximum possible mass
flow rate. Under free flow conditions (i.e., without injecting
powder feed gas), the measured flow rate of the nitrogen at tem-
perature of 643 K and pressure of 2.07 MPa is roughly 1.04 m?/
min for a 2.83 mm (throat diameter) nozzle and 0.56 m>/min for
a 2.0 mm (throat diameter) nozzle. From one-dimensional isen-
tropic flow analysis, the same gas velocities at the nozzle exits
are expected due to the same expansion ratios of these two
nozzles. However, this is true only for the case of a very low
powder feed rate, where the momentum of the main gas flow is
not affected by the particles. In the case of relatively high pow-
der feed rates, the main gas flow is disturbed by particle inter-
actions. The overall capacity of the nozzle for a large powder
feed rate depends on the total kinetic energy of the gas flow. The
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Fig. 9 Variation of the kinetic energy of the carrier gas multiplied by
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eters and the same exit area

overall particle acceleration potential from the gas flow is pro-
portional to p¥24, where p and ¥ are the density and velocity,
respectively, of the gas in the nozzle and 4 is the local flow area
of the nozzle. In other words, the particle acceleration potential
is the product of the mass flow rate (pV4) and the gas velocity
(V). Figure 9 shows the variation of the total kinetic energy
along the nozzle axis for the two nozzles with different throat
areas (but same nozzle exit area). The result suggests that the
nozzle with the 2.83 mm throat diameter produced a much
higher kinetic energy throughout the nozzle. Our experiments
showed that the 2.0 mm throat diameter nozzle was limited to
primarily the relatively soft metallic particles (63-90 um) such as
Al, Cu, and Zn. However, when used to spray relatively hard
alloy powder particles such as the eutectic Al-Si alloy (63-90
um, the Vickers’s hardness is about six times of Al), the nozzle
with the 2.0 mm throat diameter consistently performed poorly,
compared with the one with the 2.83 mm throat diameter. In
practice, it is often limited for a single spray variable to be ad-
justed to enhance coating formations. Therefore, the effect of
throat size as observed here suggests that an increase in the mass
flow rate provides an additional leverage when other variables
(for example the main gas temperature) reach their limits when
dealing with difficult to deposit materials.

4.3 Effects of the Standoff Distance

Depending on the spray standoff distance, a bow shock wave
occurs near the substrate where the impinging supersonic jet de-
celerates rapidly in front of the substrate. There are abrupt
changes in the flow properties, such as pressure, temperature,
density, and velocity across the bow shock. The bow shock wave
decelerates the gas flow to a subsonic velocity. Across the bow
shock, the particles could be slowed down due to increased gas
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density and decreased gas velocity. In particular, small alumi-
num particles are easily decelerated by the compression shocks
and are severely deflected before they reach the substrate, as
shown in Fig. 10. However, the large aluminum particles (>50
um) appear to be able to penetrate the compression shock near
the substrate with little deceleration. Apparently, this is due to
the relatively large inertia of these particles. Smaller aluminum
particles, less than 10 um diameter, show considerable decelera-
tion in the compression shock. Based on the computational
analysis, the formation of the compression shock wave in front
of the substrate appears to be of little significance in the case of
spraying relatively large particles within the examined standoff
distance between 10 and 30 mm. In general, the strength of the
compression shock decreases with the further increase of the
standoff distance. However, large standoff distances may lead to
turbulent jet instabilities, which could adversely affect coating
formation (Ref 19).

The effect of standoff distance on coating deposition by the
kinetic spray process was examined experimentally. Figure 11
shows the deposition efficiencies of aluminum powder particles
(63-90 um) with varying standoff distance. The variations of de-
position efficiency have slight tendency to decrease with the
stand-off-distance due to a lower substrate temperature with the
large stand-off-distance, which is due to reduced aerodynamic
wall friction at the substrate. However, the variations are rela-
tively insignificant when the stand-off-distance is varied from
10 to 30 mm. This result, along with the previous work on spray-
ing other type of materials, suggests that standoff distance
(within the range examined in the current study) has relatively
minor effect on coating deposition by large particles. As a result
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of this observation, a fixed standoff distance (20 mm), unless
specified otherwise, was used for the spray experiments in the
current study.

4.4 Effects of Surface Condition of the Nozzle
Interior

The conditions of the nozzle interior surface can have a
strong effect on coating formation by the kinetic spray process.
This is especially true when the deposited materials have a high
tendency to build up onto the nozzle interior surface. Powder
particles of ductile metals/alloys tend to become softer and
“gummy” when they are heated up by the carrier gas. As aresult,
certain particles are likely to build up onto the heated nozzle
interior surface when the inlet gas temperature is sufficiently
high. Such a buildup, even without reaching the point that dras-
tically reduces the gas flow, could have a profound effect on
coating deposition. One example is shown in Fig. 12, which
compares the coating depositions by a clean nozzle and a nozzle
with particle buildup. In some cases, such a build-up layer is
extremely thin and can easily be overlooked without scrutiny.
To understand its effect on coating deposition, one may consider
such a build-up layer as an added roughness to the interior sur-
face of a spray nozzle. Then the roughened surface causes tur-
bulence and thickens the boundary layers adjacent to the interior
wall surfaces. Consequently, fewer powder particles achieve
critical velocities for coating formation to occur. The effects of
wall roughness on the gas flow can be simulated through the
“law-of-the-wall” model for turbulent flows (Ref 17). The law-
of-the-wall is a semiempirical wall function that links the veloc-
ity at the near wall cells and the roughness on the wall. The gen-
eral form of the wall function can be written as:

uu* 1 u*
T"/p:;ln(E%) —AB (Eq7)
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Clean Nozzle

Fig. 12 Test results showing the degradation process of coating for-
mation, as metal powders with a low melting temperature (such as Al)
tend to build up on the nozzle interior surface

where k is the von Karman constant (= 0.42), E is the Empirical
constant (= 9.81), u,, is the mean fluid velocity near the wall, y,
is the distance from the wall, p is dynamic viscosity of the fluid,
u* = C,k'?, C, is the turbulent flow empirical constant, & is the
turbulent kinetic energy, T,, = wall shear stress, and AB is a
roughness function that quantifies the effects of wall roughness.
AB depends on the type and size of the roughness and has been
found to be well correlated with the nondimensional roughness
height Kg:

pKu*

K+
T

(Eq8)

where Ky is the physical roughness height. It was indicated in
Ref 20 and 21 that generally the roughness function is not a
single function of K§, and for a fully rough regime (Kg > 90), the
roughness function becomes:

1
AB= - In(1 + C,K3) (Eq9)

where C,, the roughness constant, is a measure of uniformity of
the roughness and is dictated by the type of the roughness. In the
present simulations of wall roughness, we considered a range of
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Fig. 13  Effects of interior nozzle surface roughness on aluminum par-
ticle velocity

wall roughness conditions (smooth wall, 1, 10, and 100 pm wall
roughness) to examine the effect of wall roughness on particle
velocities. Figure 13 shows the centerline velocity distribution
along the nozzle for a 63 pm aluminum particle under different
wall roughness conditions. While 1 um wall roughness shows
little effect on the particle velocity, there is significant reduction
in the particle velocities for 10 and 100 pm wall roughnesses.
The actual roughness in the nozzle caused by particle accumu-
lation can be estimated to be approximately between 10 and 100
um for sprayed particles with size between 63 and 90 pm. With
such a range of surface roughness, the CFD simulations predict
a reduction in particle velocity by roughly 70-80 m/s at the point
of impact on the substrate. Therefore, the particle velocity be-
comes lower than the critical velocity. This explains the degra-
dations in coating deposition by the particle buildup at nozzle
interior surface, as manifested by the experimental observation
shown in Fig. 12.

4.5 Effects of Powder Gas Flow Rate

As shown in Fig. 1, the powder particles are injected through
apowder injector (a small stainless steel tube) into the prenozzle
chamber, where the powder intermixes with the heated main gas.
The powder gas flow that carries the powder particle from the
powder feeder to the injector is at room temperature. The pow-
der gas flow is controlled primarily by the size of the injector and
the differential pressure between the powder feeder and the
prenozzle chamber. Because the injector is largely submerged

380—Volume 14(3) September 2005

250 ,‘ ‘ . ;
—&— Low powder gas flow
- -0 - High powder gas flow
—~ 200 * | | |
N |
E |
£ s
m ]
2 150
<
©
S
100 -
50

0.1 0.2 0.3 0.4 0.5 0.6

Traverse Speed (m/s)
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inside the heated gas flow, a sufficient powder gas flow is
needed to prevent the injector from buildup/clogging by par-
ticles. However, it was also observed that too much powder gas
flow can degrade coating formation. Figure 14 shows the effects
of powder gas flow on Al coatings deposited using 63-90 um
particles. Note that under the same nominal spray conditions,
spraying with the smaller nitrogen flow rate (2.8 g/s) consis-
tently resulted in coatings with higher deposition than with the
larger powder gas flow rate (6.1 g/s). This phenomenon can be
explained from the following computational simulations.

The carrier gas is actually a mixture of the heated main gas
(nitrogen) and the room-temperature powder feed gas (nitro-
gen). Only the main gas is heated to elevated temperatures, and
the powder feed gas is at a room temperature. To observe mixing
of high and low temperature gas flows and the gas temperature
distribution in the nozzle before the throat section, simulations
using FLUENT were performed for an axially symmetric nozzle
with a throat diameter of 2.8 mm with the nozzle expansion ratio
of 6.34. Figure 15 shows the temperature distributions for the
two cases of different powder gas flow rates: of 6.1 g/s (=5.3 1/s)
and 2.8 g/s (= 2.5 1/s). The total mass flow rate through the
nozzle can be determined by Eq 3 when the gas flow is choked at
the throat section. For the operating conditions given in Fig. 15,
the total gas mass flow rate was computed as 20 g/s (= 17.5 I/s),
which is consistent with the experimental value. In other words,
the main gas flow rate varies with the powder gas flow rate to
maintain a nearly constant total inlet gas flow. As shown in Fig.
15, the average temperatures of the mixed gas at the throat sec-
tion are 580 and 635 K, respectively, for the higher and lower
powder gas flow rates. Furthermore, the particle velocity, par-
ticle residence time within the heated gas stream and particle
temperature were also calculated, and the results are shown in
Fig. 16, 17, and 18, respectively. With the lower powder gas
flow rate, the particle velocity (particles with a 63 um diameter)
was predicted smaller as compared with the high powder gas
flow rate in the converging section of the nozzle before the
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Fig.16 The computational results showing the aluminum particle ve-
locities for the two cases considered in Fig. 15

throat, as shown in Fig. 16. For the lower powder gas flow rate,
the gas velocity surrounding the particles downstream from the
powder injector is much smaller as compared with the case of the
high powder gas flow rate. Therefore, a relatively large resi-
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Fig. 17 The computational results showing the aluminum particle
residence time for the two cases considered in Fig. 15

dence time was predicted with the low powder gas flow rate and
the most of the particle heating occurred before the diverging
section of the nozzle where the surrounding gas temperature is
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Fig. 18 Computational results showing the aluminum particle tem-
peratures for the two cases considered in Fig. 15

still relatively high and also due to the relatively large residence
time. As shown Fig. 16, the particle velocity for the low powder
gas flow rate was predicted to be larger than that for the high
powder gas flow rate by ~20 m/s at the exit of the nozzle, even
though the particle velocity was smaller in the converging sec-
tion of the nozzle. This could be a result of the higher average
temperature of the mixture gas at the throat for the low powder
gas flow rate. Most of the particle heating occurs before the di-
verging section of the nozzle due to relatively high surrounding
gas temperatures and large residence time associated with the
low particle velocities. The particles are heated to nearly 400 K
at their arrival of the substrate with the lower powder gas flow,
compared with 360 K with the higher powder gas flow (see Fig.
18). Though the increase in particle temperature by 40 K may
seem to be small, its effect on yield stress can be significant for
Al powders (Ref 22). As shown in Fig. 19, the yield stress of Al
decreases rapidly from 360 to 400 K. Based on the analysis of
simulated results, the enhanced coating deposition by lowering
powder gas flow seems to be resulted from the combined effects
of increased particle velocity and particle temperature.

5. Summary

Both computational simulations and experimental studies
were conducted to examine the effects of spray conditions on the
coating formation by the kinetic spray process. The observations
can be summarized as follows:

«  The bow shock appears to have little effect on deceleration
of large size aluminum particles. Accordingly, the deposi-
tion efficiency of aluminum shows little variation as a func-
tion of standoff distance.

*  Wall roughness affects wall friction and the growth of wall
boundary layers. The roughness resulting from particle
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Fig.19 Effect of material temperature on the yield stress of aluminum
(Ref22)

buildup can significantly reduce the particle velocity, thus
adversely affecting coating formation by the kinetic spray
process. Therefore, selection of spray conditions or use of
other means to keep nozzle interior surface clean and
smooth is critically important for consistent nozzle perfor-
mance in coating formation.

*  Spray conditions in the kinetic spray process affect the coat-
ing formation through primarily their effects on two funda-
mental variables: particle velocity and particle temperature.
In particular, the main gas temperature appears to be the
single most important spray variable due to its direct and
strong effects on both particle velocity and particle tem-
perature. Other less dominant variables can also be manipu-
lated to further improve coating deposition by the kinetic
spray process. These include main gas pressure, nozzle
throat size (thus total gas flow), and powder gas flow rate.

* Increasing particle temperature provides an additional
means that can effectively enhance coating formation by the
kinetic spray process. This can be particularly useful in the
case of using compressed nitrogen (instead of helium) to
spray large particles where it is often difficult to accelerate
large particles above the critical velocity that allows for
coating formation.
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