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Abstract Cold spray is an additive manufacturing method

in which powder particles are accelerated through a

supersonic nozzle and impinged into a nearby substrate.

This method produces deposits with advantageous attri-

butes, namely with low porosity and low residual stresses,

which nearly match those of the bulk material. One chal-

lenge with cold spray is nozzle clogging, which occurs

when particles bond to the inside of the nozzle, altering the

cross-sectional area, increasing roughness on the nozzle

inner surface, and causing a drop in the gas velocity, ulti-

mately resulting in a lower quality deposit. Clogging puts

certain combinations of materials and operational param-

eters out of practical reach. A CFD model of the cold spray

nozzle is developed to study the flow of metal particles in

the cold spray process, and we determine that the two-

phase particle-laden flow from the feeder tube is inherently

transient. CFD simulations demonstrate that pressure fluc-

tuations in the particle feed system can cause the particles

to disperse in the nozzle and ultimately lead to some par-

ticles bonding with the nozzle wall. The degree of clogging

is found to be strongly dependent on the amplitude of these

upstream pressure fluctuations and seemingly independent

of the pressure oscillation frequency.

Keywords cold spray � computational fluid dynamics �
clogging � feeder tube oscillations � particle dispersion �
particle–wall collisions
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E Energy
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vcrit Critical velocity

vimpact Impact velocity

x Axial distance

l Viscosity

q Density

rTS Tensile strength

rU Yield stress

s Stress

sr Drag force

Subscripts

eff Effective

p Particle

& Piotr Liebersbach

p.liebersbach@gmail.com

1 University of Massachusetts Amherst, Amherst, USA

2 Army Research Laboratory, Adelphi, USA

123

J Therm Spray Tech (2020) 29:400–412

https://doi.org/10.1007/s11666-020-00992-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-020-00992-0&amp;domain=pdf
https://doi.org/10.1007/s11666-020-00992-0


Abbreviation

CVR Critical velocity ratio

Introduction

Cold gas dynamic spraying (cold spray) is ametal deposition

process with multiple industrial applications. It belongs to a

wider family of thermal spray processes, which use high-

temperature gases to apply metal coatings to parts. The main

difference between cold spray and other thermal spray pro-

cesses is that cold spray takes place at relatively low tem-

peratures and at much higher particle velocities (Ref 1).

Because the particles are cold-worked, their crystal structure

is maintained and the bonding mostly occurs in the solid

state, resulting in a deposit with low porosity and low

residual stresses similar to the bulk material (Ref 2). Other

thermal sprays largely rely on the rapid solidification of

molten particles for bonding and therefore do not have the

same advantages in terms of porosity and tensile properties.

Cold spray can offer amore sustainable solution compared to

other processes, as well (Ref 3). Because of these attributes,

there is much interest in further developing the cold spray

process for industry and manufacturing.

In this process, gas is accelerated through a converging–

diverging de Laval nozzle which carries a metal powder.

During the expansion of gas in the nozzle, particles are

accelerated to supersonic speed and are impinged upon a

nearby substrate. Particles will bond to the substrate if they

reach a certain critical velocity, and the bonded particles

accumulate to produce a deposit on the substrate. This

process is illustrated in Fig. 1.

Cold spray is multipurpose in that it can enhance

mechanical properties, allow the joining of two dissimilar

metals, repair damaged parts, and additively manufacture

parts. The cold spray process can be used in part fabrica-

tion, repair, and maintenance.

One major issue with cold spraying is nozzle clogging,

which is especially problematic for low-melting point

particles. With such low bonding energies, these particles

tend to bond to the inner nozzlewall before they can exit. The

particles will accumulate on the wall, effectively decreasing

the inner diameter of the nozzle to the point that it clogs and

cannot operate. Even as particles accumulate on the nozzle

wall prior to the nozzle fully clogging, the gas flow velocity

is compromised because the working diameter has

decreased, resulting in lower particle exit velocities, thus

jeopardizing their ability to bond to the substrate upon

impact. The experiments in Ref 5 show that cold spray

nozzles may clog in just 3 min. The present work is based on

specific experiments (Ref 6) in which the nozzle clogged in

precise regions, either just downstream of the throat (Fig. 2a)

or about three eighths down the diverging section (Fig. 2b),

depending on powder size distribution.

Clogging of cold spray nozzles is an expensive problem

because nozzles are usually made from specialized mate-

rials such as tool steels, alloys, plastics, and cermets. The

cost of nozzles makes their frequent replacement imprac-

tical. Clogging is also inconvenient because the operation

window is drastically shortened, making it difficult to

effectively spray a part and finish a task. Nozzles can be

cleaned and restored to proper specifications, but this often

requires difficult machining operations.

To better understand the clogging problem, a computa-

tional fluid dynamics (CFD) model has been created to

simulate the gas dynamics and particle trajectories inside

the nozzle. CFD simulations have been instrumental in

improving the cold spray process in many regards and will

continue to be essential for the development of cold spray

as it overcomes nozzle clogging. Such simulations can help

predict whether nozzles will clog, and the processes can be

adjusted to ensure more effective operation.

Much of the past computational work in cold spray

focused on comparing simulations to experiments to

investigate particle velocity, substrate temperature, and

impact characteristics. Champagne et al. (Ref 4) compared

particle velocities from experiments to theoretical veloci-

ties from a one-dimensional mathematical model as well as

Fig. 1 Overview of the cold

spray deposition process (Ref 4)
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a two-dimensional CFD model. They found that the one-

dimensional model overpredicted the particle velocities

while the two-dimensional model under-predicted the

velocities. Sova et al. (Ref 7) completed a numerical study

looking at the effects of powder injection location on the

particle exit velocities. They found that particles injected

upstream of the throat can reach critical velocities while

particles injected downstream of the throat cannot. This is

because the particles injected upstream of the throat have

more distance to cover inside the nozzle before exiting and

so are able to build momentum and accelerate to higher

velocities. Sova et al. also showed that increasing the

stagnation temperature along with preheating the particle

feeder increased predicted particle velocities, shifting the

particles closer to the deposition velocity window. Meyer

and Lupoi (Ref 8) investigated the effect of nozzle size on

deposition efficiency by performing experiments and CFD

simulations of nozzles with various geometries. They

found that out of the three nozzles studied, the nozzle with

the smallest cross-sectional throat area had the smallest

deposition efficiency. In a different study, Sova et al. (Ref

9) compared particle velocities between experiments and

CFD simulations. In their work, they found that the particle

velocities predicted by CFD simulations agreed well with

measured particle velocities in experiments. With CFD

simulations, Tang et al. (Ref 10) studied the interaction of

the main gas stream with the powder carrier gas stream

under several pressure and temperature inlet conditions.

They studied the effects of throat-to-powder injection tube

diameter ratio and the effects of prechamber length on

particle and flow characteristics. Zhang et al. (Ref 11)

completed a similar work to Tang et al., studying the

effects of gas properties on deposition characteristics, as

well as the particle impact velocities and temperatures.

Wang et al. (Ref 12) studied the clogging behavior of

cold spray nozzles and the effectiveness of wall cooling to

overcome this challenge. In their experiments, they showed

that nozzles cooled externally by water deposited a higher

coating mass than nozzles that were not cooled. This was

because the cooled nozzles reduced clogging, thus allowing

more particles to impinge the substrate. They used CFD to

simulate the cooled nozzle with particle trajectories to

show that wall cooling does not degrade the performance

of the nozzle.

Yin et al. (Ref 13) studied the effects of injection

pressure on particle acceleration, dispersion, and deposi-

tion in cold spray by conducting experiments and CFD

simulations. They found that increasing the injection

pressure can decrease the deposition efficiency as well as

the coating strength. In addition, they used their CFD

simulations to show that the turbulent kinetic energy (TKE)

has a peak at the nozzle throat, as shown in Fig. 3(a). They

determined the peak in TKE significantly contributes to

particle dispersion in the diverging section. Lupoi and

O’Neill (Ref 14) investigated particle trajectories in dif-

ferent cold spray nozzles with CFD simulations and

experiments. They found that releasing particles in the

diverging section produces a much narrower particle beam

than releasing particles into the converging section. Their

result was verified with CFD simulations by examining the

particle tracks. Lupoi and O’Neill also showed that there is

a peak in TKE at the throat of the nozzle, as shown in

Fig. 3(b). They found that the particle beam width

decreases by 42% when turbulence is not accounted for in

Fig. 2 Location of clog found

in nozzles from experiments

(Ref 6). (a) Clogging location

with powder as received.

(b) Clogging location with

powder classified to remove

fines
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the model, indicating that turbulence plays a major role in

dispersion.

Ozdemir and Widener (Ref 15) studied nozzle clogging

in cold spray nozzles by performing experiments and CFD

simulations. They varied the particle feeder tube diameter,

its axial position, and its angle with respect to the center-

line. They found that when the particle feeder tube is

misaligned with the nozzle axis by as little as 1�, the par-

ticles will be redirected toward the nozzle wall in the

diverging section. They also found that a particle feeder

tube wider than the throat can lead to particles colliding

with the nozzle wall in the diverging section. These colli-

sions between the nozzle wall and the powder particles can

lead to nozzle clogging.

In their experiments, Sova et al. (Ref 9) noted that even

the lowest particle feed rates led to ‘‘pulsations of the

particle jet and being provoked a rapid mechanical clog-

ging of the nozzle by the particles.’’ To that point, the

current work presents a CFD model, based on the experi-

ments of (Ref 6) that isolates particle feeder tube pressure

fluctuations as a root cause of particle dispersion and

therefore nozzle clogging. These pressure fluctuations

produce oscillations and turbulence such that particles

collide and bond with the nozzle wall in the diverging

section.

Methodology

ANSYS Fluent version 19.1 was used to conduct the CFD

in this work. A 2D axisymmetric model was used to model

the nozzle geometry in all simulations. After running a full

3D case using the LES turbulence model and comparing

the results to those of the 2D model, we saw fit to use the

axisymmetric model because there was, at most, a 3%

difference in centerline velocity. Figure 4 shows the

velocity profiles of the axisymmetric, 3D steady-state, and

3D LES simulations. There is negligible difference

between the 2D and 3D simulations which used the k–

epsilon turbulence model, while the LES turbulence model

produced a slightly different velocity profile.

This figure indicates that the difference in results is not

due to the inclusion of the third dimension, but rather the

different turbulence models, since the two simulations that

used the k–e realizable model produced roughly the same

result, even though they were solved for different dimen-

sionality. It was not worth the enormously increased

computational cost to capture a 3% (at most) difference in

velocity between the k-e realizable and the LES models. It

(a) (b)

Fig. 3 Turbulent kinetic energy vs. axial position in works cited

Fig. 4 Centerline velocity vs. nozzle length

J Therm Spray Tech (2020) 29:400–412 403

123



is for similar reasons that the 2D axisymmetric model was

used in all the aforementioned studies except (Ref 15). In

the axisymmetric coordinate system, the governing equa-

tions of the flow can be expressed as follows:

Conservation of mass:
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Equation of state:

P ¼ qRT ðEq 5Þ

The nozzle geometry was based on an experimental

nozzle design produced by the United Technologies

Research Center (UTRC) and used in experiments by

Siopis et al. (Ref 6). The dimensional details and zone

names are given in Fig. 5. The inlets and outlets to the

nozzle are shown in blue, the dashed line represents the

axis of the nozzle, and the rest of the geometry was set as

an adiabatic wall with the no-slip condition. An axis

boundary condition was set for the axis of the nozzle.

Particles were set to reflect off the feeder tube inlet so that

they would remain in the domain during moments of

backflow in the feeder tube. For all simulations, the den-

sity-based implicit solver was used with the first-order

upwind spatial discretization scheme because the flow is

supersonic, and a sufficient level of convergence was

desired.

A mesh dependence study was conducted by simulating

a steady-state solution with meshes ranging from 2500 to

135,000 cells and comparing the differences in flow

properties. It was found that the meshes which contained

54,000 cells or more did not produce substantially different

results, so the mesh of 54,000 cells was used. A layer of

thin elements was also used near the wall of the nozzle to

accommodate the boundary layer. The wall Yplus values of

the mesh ranged from 0.5 to 70.

As was the case in the experiments conducted by Siopis

et al. (Ref 6), the fluid used in the simulations was helium,

and its density varied with the ideal gas law. Only the flow

domain was simulated in this work. The sprayed powder

was simulated as a copper nickel alloy that consisted of

particles with diameters distributed randomly with equal

likelihood from 5 to 50 microns. The particle density was

8.94 g/cc, and the particle specific heat was 380 J/kg K.

Although the experiments in Ref 6 did not have particle

diameters equally distributed, this was done for the sake of

making conclusions about the likelihood of collisions and

bonding based on diameter. The particle diameter range

was roughly 5 to 50 microns in the experiments (Ref 6).

Several turbulence models were tried and considered by

solving a steady-state solution with them, and after com-

parison, the realizable k-e turbulence model with standard

wall functions was deemed most appropriate because it

provided the most physically likely results for axial TKE

with a peak in the throat, similar to Ref 13, 14. Yin et al.

(Ref 16) found in their review that RANS turbulence

models were the most frequently used out of the studies

they investigated, which puts this work in line with others

like it. Specifically, most of the aforementioned works

implemented the k–e turbulence model.

The discrete phase model (DPM) with Lagrangian one-

way coupling was used to inject and track particles inside

the cold spray nozzle. Because the volume fraction of solid

particles to driving gas is less than 10%, one-way coupling

between the fluid and particles is a valid assumption (Ref

17). Particle–particle collisions are also negligible under

such conditions (Ref 17) and therefore were not accounted

for in these simulations. The DPM model solves a force

balance equation iteratively to find each particle’s trajec-

tory. This force balance equation is written as:

dup
!
dt

¼ v~� vp
!

sr
þ
g~ qp � q
� �

qp
þ F~ ðEq 6Þ

where the quantity sr is the drag force term written as:
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sr ¼
qpd

2
p

18l
24

CDRep
ðEq 7Þ

The coefficient of drag, CD, is responsible for the par-

ticles’ acceleration down the nozzle. This term was

approximated with the ‘‘High-Mach-number’’ drag law,

which is based on a correlation given by Clift et al. in Ref

18, and shown in Eq 8:

CD ¼ 24
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1þ 0:15Re0:687p

� 	
þ 0:42

1þ 4:25 � 104Re�1:16
p

ðEq 8Þ

The particles were tracked stochastically using the dis-

crete random walk (DRW) model. This model is used to

account for the random turbulent effects that act on the

particles in the flow. When updating the particle positions,

the DRW model will add random fluctuations to the par-

ticle velocities to represent turbulent effects. By computing

the particle trajectories a sufficient number of times, the

turbulent effects on particle dispersion will be included in

the particle trajectories (Ref 19).

When a particle collides with a wall, the way to deter-

mine if the particle bonds to it is by computing the critical

velocity for bonding and comparing it to the actual impact

velocity. An approximation for critical velocity is given by

Schmidt et al. (Ref 20):

vcrit ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F14rTS 1� Ti�TR

Tm�TR

� 	
q

þ F2cp Tm � Tið Þ

vuut
ðEq 9Þ

This approximation has been widely used by researchers

in past works, including Siopis et al. (Ref 6). The critical

velocity ratio is defined in Schmidt et al.’s work as the

particle impact velocity divided by the particle critical

velocity:

CVR ¼ vimpact

vcrit
ðEq 10Þ

A CVR C 1 means that the particle impact velocity is

greater than or equal to the critical velocity required for

bonding and thus indicates that the particle bonds to the

wall. In theory, the vimpact should be the component of

velocity normal to the smooth wall. This is not realistic

though, because on the length scale of one particle diam-

eter (on the order of 10 microns), the nozzle wall has

roughness. Thus, it was assumed that any collision with the

wall was a head-on collision, and therefore, the total

velocity magnitude was used for the vimpact, rather than the

component which is normal to the wall. Additionally, it

was found by Nardi et al. (Ref 21) that particles impacting

at angles significantly shallower than 90� can produce

higher bond strength deposits than those produced at 90�,
so using the magnitude rather than the normal component

can help model a bond occurring at a steep angle. No

bonding was predicted in simulations where the normal

component of vimpact was used, but upon using the mag-

nitude of vimpact, a prediction of bonding was obtained. It

should be noted here that the numerous phenomena

responsible for particle–wall bonding inside the nozzle are

not fully known, and thus, we are forced to make several

simplifying assumptions in this study regarding the bond-

ing requirements inside the nozzle. Future work should be

dedicated to studying impact phenomena and tribochem-

istry between the particles and nozzle wall.

Fig. 5 Diagram of the nozzle used in the study (not to scale). Blue represents inlets/outlets to the domain. Key dimensions and zone names given

in tables (Color figure online)
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To gather information about the particle–wall collisions

inside the nozzle, a user-defined function (UDF) was

implemented as a custom boundary condition on all walls

past the feeder tube exit, namely the prechamber wall, the

‘‘step’’ between the prechamber and converging wall, the

converging wall, and the diverging wall. This UDF recor-

ded the axial position, particle diameter, and bonding CVR

of each particle–wall collision. The data from this UDF

were used to determine which particles bonded or reflected,

with what diameter, and at what location in the nozzle.

Particles that collided with a CVR[ 1 were terminated

and no longer tracked.

To test the hypothesis that transient feeder tube fluctu-

ations are a cause of particle dispersion, three types of

simulations were run. First, a completely steady-state cal-

culation was performed. Second, a transient calculation

was performed, but with constant inflow boundary condi-

tions. Finally, nine transient calculations were performed

with a time-varying pressure at the feeder tube inlet with

three different pressure wave amplitudes and three wave

frequencies to isolate the respective effects that wave

amplitude and frequency have on particle dispersion and

bonding.

Boundary conditions at the inlets (feeder tube and

annulus) were fixed at a pressure of 4 MPa for the steady-

state simulation along with the transient case with constant

inflow conditions. All simulations were solved with 400 �C
inlets. To simulate the nine different pressure fluctuations

in the feeder tube inlet, the inlet total pressure was changed

to a custom UDF, which simulated a pressure that varied

sinusoidally with time according to the following equation:

P ¼ Pavg þ Pamplitude � sin 2pxtð Þ ðEq 11Þ

In this equation, the average pressure Pavg was kept at

4 MPa, the amplitudes Pamplitude used were 50 kPa, 25 kPa,

and 10 kPa, and the frequencies x used were 25 Hz,

50 Hz, and 100 Hz. We do not have measurements of these

oscillations, so the values of frequency and amplitude were

selected to give a sufficient range that conclusions could be

made about the respective effects of frequency and

amplitude on particle dispersion. The boundary condition

applied to the atmosphere was a pressure outlet and was set

to standard atmospheric conditions—zero gauge pressure

and 27 Æ C.

Results and Discussion

Steady-State Model

Contours of the helium gas flow were obtained from the

steady-state model to understand the flow characteristics

inside the nozzle, and they are presented in Fig. 6. As

expected, the velocity near the inlet is low, while the

temperature and pressure are high. The velocity increases

toward the throat and continues to increase supersonically

until the outlet, after which point the flow decelerates to

zero at the substrate. Small Mach diamonds are observed

just outside of the nozzle exit, and a bow shock is observed

just prior to the substrate because the supersonic com-

pressible flow is decelerating to subsonic velocities. Once

the flow contacts the substrate, the flow disperses radially

into the atmosphere at low velocity. In the diverging sec-

tion within the boundary layer, a lower velocity is observed

which is due to the no-slip condition on the nozzle wall.

Not surprisingly, the pressure starts high and smoothly

decreases as the flow moves from the inlet to the outlet,

while the temperature decreases in proportion to the

increase in velocity. The temperature in the boundary layer

is relatively high compared to that of the bulk fluid because

of viscous heating in that region.

In each simulation, 500,000 particles were injected into

the domain at room temperature. All injections consisted of

the particles being generated inside the feeder tube and

occupying the entire feeder tube volume. To generate

particles as if they were realistically occupying the 3D

feeder tube space uniformly, particles were generated with

more likelihood by a factor of the square root of radial

position.

The particle pathlines for the steady-state solution are

provided in Fig. 7, where particles are observed to start at a

low velocity and build momentum throughout the length of

the nozzle. The particle beam width increases in the

prechamber until some particles collide with the converg-

ing wall and begin their supersonic journey down the

diverging section. The beam width narrows at the throat

because all the particles must squeeze through that small

hole, but it then widens again in the diverging section until

the particles reach the substrate. The particle–wall colli-

sions from this steady-state solution are presented in Fig. 8,

where it is observed that all collisions in the nozzle occur

prior to the throat and at CVRs below 1. The particles have

been grouped by size in this figure to show the consistent

behavior that smaller particles attain higher velocities. This

phenomenon occurs because, as the particles build

momentum down the nozzle, their velocities increase

according to their mass. Experiments show that particles

bond in the diverging section (Ref 6, 22), which necessarily

means they disperse in that section. Because all the CVRs

are below 1 in the steady-state solution, it is determined

that the steady-state solution does not properly account for

the physics responsible for particle dispersion in the

diverging section, since it predicts no clogging.

Figure 9(a) shows the axial TKE in the nozzle modeled

in this study, where a peak at the throat similar to the

results shown in Fig. 3(a) and (b) is observed.
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Figure 9(b) shows how the TKE varies radially in the

nozzle and confirms a maximum value at the throat. It is

worth noting from Fig. 9(b) that there is much more tur-

bulence near the wall than on the axis, and several orders of

magnitude are more in the throat at the wall than in the

throat on the axis. This means that, when particles collide

with the wall in the converging section near the throat,

in situations like what Fig. 8 describes, those particles

experience extreme turbulence that can send them toward

the wall in the diverging section, where clogging occurs

(Ref 6, 22). It also means that as particles begin to disperse

radially, they enter areas with more and more turbulence,

continually giving them a greater chance to be pushed

toward the wall.

The high values of turbulence in the steady-state solu-

tion both at the throat and near the walls, however, are

evidently not the sole cause of particle dispersion because,

as demonstrated in Fig. 8, there are zero particle–wall

collisions downstream of the throat in this model. Although

it has been established that the increased turbulence at the

throat contributes to dispersion (Ref 13, 14), there is still

more physics to be accounted for if the full effect of dis-

persion is to be observed.

In their study (Ref 15), Ozdemir and Widener also used

a steady-state solution for the gas flow through a cold spray

nozzle to simulate particle trajectories. They concluded

that particle dispersion and particle–wall collisions in the

diverging section can be caused by the feeder tube diameter

being larger than the throat diameter. They simulated a

nozzle with a feeder tube diameter-to-throat diameter ratio

of 2.4:1, which showed the highest level of particle–wall

impacts in the diverging section. The nozzle used in this

study has a feeder tube diameter-to-throat diameter ratio of

1.4:1. Since the steady-state simulation conducted in the

present study did not produce any collisions in the

diverging section of the nozzle, it is concluded that the

feeder tube diameter-to-throat diameter ratio is not high

enough for Ozdemir and Widener’s conclusions to apply.

Fig. 6 Steady-state contours

Fig. 7 Particle pathlines—low to high velocity (blue to red). Range from 0 to 1700 m/s (Color figure online)

Fig. 8 Steady-state particle–wall collisions
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Transient Model with Constant Pressure in Feeder

Tube

In this second simulation, the first-order implicit transient

formulation was used with constant pressure inlets set to

4 MPa. This simulation was conducted to determine whe-

ther the physics responsible for particle dispersion are

present in a transient scenario while maintaining constant

inflow conditions.

Once the solution progressed sufficiently that the initial

transient noise subsided and the inlet pressure settled to

4 MPa, the 500,000 particles were injected incrementally

in groups of 50,000 to simulate a constant stream of par-

ticles entering the nozzle feeder. Figure 10 shows the

resulting particle–wall collisions, and the results are similar

to those of the steady-state simulation—collisions exclu-

sively occur prior to the nozzle throat and at CVRs less

than one. It is thus concluded that a transient simulation

with a constant inlet pressure cannot predict the realistic

particle dispersion that leads to clogging in the diverging

section, and that transient simulations with fluctuating inlet

pressures should be investigated.

It should be noted that the 3D LES case that was con-

ducted to establish dimensional independence of the solu-

tion was solved with these same inlet boundary conditions,

and that it produced no collisions in either the converging

or diverging sections, nor did it produce any particles that

adhered to the nozzle wall.

Transient Model with Pressure Fluctuations

in Feeder Tube

Pressure fluctuations were simulated by applying the

pressure UDF to the feeder tube inlet boundary. In the nine

transient simulations with pressure oscillations, the same

500,000 particles from the prior transient simulation (with

constant inflow conditions) were injected into the domain

incrementally in groups of 50,000. These ten injections

were evenly spread out in time across the pressure wave, as

shown in Fig. 11. In each simulation, two injections

occurred at the lowest point on the pressure wave while

two injections occurred at the highest point. This was done

so that the results could be representative of particles

traveling on all parts of the pressure wave. The injection

points were adjusted depending on the frequency of the

oscillations so that all injections were conducted in like

(a) (b)

Fig. 9 Turbulent kinetic energy in present nozzle—axial and radial

Fig. 10 Transient particle–wall collisions at constant inflow
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fashion according to the frequency of the pressure oscil-

lation in the feeder tube.

Although the total pressure in the nozzle was governed

by the UDF which generated a sine curve (see Eq 11), it

is observed that the sections of the curve below Pavg have

kinks once per period, which is contrary to a perfect sine

curve. This inconsistency is due to backflow in the feeder

tube during the time that feeder tube pressure drops below

that of the annulus. The annulus inlet is held at a constant

4 MPa during these simulations, so when the feeder tube

pressure drops below that of the annulus, the flow is

directed into the feeder tube from the annulus. This

backflow imposes on the sinusoidal boundary and mani-

fests in a suppressed sine curve during the times that

pressure drops below 4 MPa. Even though there is a kink

in the curve, the pressure still oscillates clearly and suf-

ficiently to determine the effect that the oscillations have

on particle dispersion.

Particles were injected only once the transient noise

subsided and the pressure stabilized to its operational

condition. For example, small oscillations can be seen on

the lower part of the curve at 0.015 s, which is why

injections did not begin until 0.035 s when the pressure

became settled.

The resulting particle–wall collisions from the nine

transient simulations with oscillating pressures are sum-

marized in Fig. 12 and 13. In all these solutions, bonding is

successfully predicted in the diverging section, which

means the physics responsible for dispersion in the

diverging section are accounted for with the incorporation

of an oscillating pressure. Like the prior two cases, the

smaller particles collide with faster velocities than the

larger ones, but these transient models predict more colli-

sions in the converging section than the prior two.

An obvious trend observed from Fig. 12 and 13 is that as

pressure wave amplitude increases, bonding increases.

Evidently, more particles are dispersed in the diverging

section when the pressure wave amplitude is larger. A

related trend was found by Fukumoto et al. (Ref 23), who

determined that larger inlet pressures resulted in higher

deposition efficiencies—in this case of the present study,

the deposition efficiency refers to that of the particles on

the nozzle wall. Figure 13 indicates that, at high enough

amplitudes and with particle diameters greater than 20

microns, there may be a correlation between lower fre-

quencies and higher amounts of bonding, but a larger

sample of particles should be modeled to determine if this

trend is a case of sample variability or a consistent

phenomenon.

Although particles of all sizes are shown to bond in this

study, Fig. 12 demonstrates that the largest particles, with

diameters ranging from 35 to 50 microns, all have CVRs

close to one. This indicates that those particles are on the

cusp of bonding, and that copper nickel alloy particles with

diameters slightly larger than 50 microns would not bond at

all in a repeat experiment. Such sizes are not typical in cold

spray, but it is worth noting that by using larger particles,

clogging could be prevented.

It should be noted that 50 kPa is only about 1% of the

operating inlet pressure (4 MPa), and a fluctuation of that

magnitude still caused a significant amount of clogging.

These results show that very small oscillations in the feeder

tube cause a severe amount of clogging.

These nine oscillatory simulations may have isolated a

root cause of clogging, but there is a discrepancy between

the clogging predicted by these simulations and that was

observed in experiments. In the results from Ref 6, clog-

ging was found in a narrow region of the diverging section

(see Fig. 2). The simulations, however, predict collisions

that lead to clogging along nearly the whole length of the

diverging section (see Fig. 12).

An inconsistency between the experiments in Ref 6 and

the models in this work are the inlet boundary conditions.

In cold spray experiments, the feeder tube is set to a certain

volumetric flow rate, while the annulus is set to a certain

temperature and pressure. The temperature difference

between the feeder tube and the annulus is known to cause

mixing and turbulence, which causes dispersion among the

particles. The reason the inlet temperatures were both set to

400 �C in this work is because it was already known that

the mixing of the hot and cold gases causes dispersion. If

the inlets were simulated at their realistic temperature

conditions, the particle dispersion data would be the result

of both mixing and feeder tube oscillations. The primary

goal of this work is to determine the effect that feeder tube

oscillations alone have on particle dispersion, and thus, it

Fig. 11 Feeder tube inlet total pressure vs. flow time with injection

locations
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was desirable to set both inlets to the same temperature to

isolate oscillation effects.

The feeder tube oscillations that manifest in experi-

ments, therefore, are actually flow rate oscillations, not

pressure oscillations. Although we hypothesize that the

total pressure does oscillate with the flow rate, it is the

oscillating flow rate which causes the pressure to oscillate,

not the other way around. As was previously mentioned,

the oscillatory pressure in this work results in backflow,

which is not realistic in cold spray. A future study is in

progress which will incorporate a mass flow condition at

the feeder tube inlet with realistic temperature differences

between the inlets to obtain an overall more realistic pre-

diction of clogging for the experiments in Ref 6. The

oscillatory flow rate would not result in backflow because,

even when the flow rate is at a minimum, the flow would

still be moving forward, just slower. Again, the pressure

oscillations in this work were implemented to observe the

effect of oscillations alone on particle dispersion, which

would not be possible if a cold mass flow condition were

used, because then the mixing of hot and cold gases would

contribute to dispersion as well.

Fig. 12 CVR vs. axial position of particle–wall collisions for nine oscillating pressures

Fig. 13 Bonded particles from

nine oscillatory simulations
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It seems unlikely, however, that by incorporating more

factors that are known to cause clogging, namely the

temperature difference between the feeder tube and the

annulus, and that the models will result in a smaller pre-

diction of the expanse of clogging. Rather, it seems likely

that adding factors responsible for clogging will increase

the modeled prediction of clogging. Regardless, the

inconsistency in the inlet conditions between the experi-

ments and the present models ought to be pointed out.

Another factor that may be responsible for this over-

prediction in the clogging expanse is the lack of local

temperature effects included in calculating the critical

velocity. In past works, it has been shown that increasing

substrate temperature increases deposition efficiency. For

example, Fukumoto et al. (Ref 23) show that deposition

efficiency increases with substrate temperature as well as

inlet pressure. The higher wall temperature increases the

energy available for bonding and thus reduces the required

particle kinetic energy for bonding. Conversely, lower

surface temperatures are detrimental to bonding, which

means that in areas where the nozzle is cooler, particles are

less likely to bond. This is the motivation behind nozzle

cooling, which has proven to successfully prevent clogging

(Ref 5).

Since the tungsten-carbide nozzle inner wall gets

slightly cooler down the length of the nozzle (Ref 12), it

may be that the particles cannot bond as effectively farther

downstream in the diverging section. If a parameter like the

CVR in Schmidt et al.’s work were developed to account

for substrate temperature, the simulations may yield the

results that better align with those of experiments. It is

unknown to what extent the results would change if the

wall temperature were accounted for, but that is one pos-

sible reason for the overprediction. In general, the phe-

nomena responsible for particle–wall bonding inside the

nozzle are not well known, and future studies should be

dedicated toward investigating particle and nozzle behavior

during impact and bonding, along with studying the tri-

bochemistry related to particle–wall bonding in cold spray.

Figure 2 shows that the clogging location is greatly

influenced by particle size in experiments (Ref 6). It is

clear from Fig. 12 that smaller particles reach critical

velocity before larger ones, which means smaller particles

bond before larger ones. When the small particles begin

accumulating early in the nozzle, particles of all sizes begin

accumulating onto those. The simulations in this work do

not account for particle accumulation effects in the nozzle,

but this may have a significant impact in experiments,

which may be another reason for the overprediction in the

modeled clogging expanse. This hypothesis is reinforced

by comparing the difference between Fig. 2(a) and (b).

When the fine particles are injected along with large ones,

the fines drive the location of clogging closer to the throat,

but when the fines are removed and only larger particles are

injected, the clogging location is driven farther down the

nozzle. Figure 12 also indicates that larger particles cause

clogging farther down the nozzle, while smaller ones begin

to clog closer to the throat. To reconcile Fig. 2 and 12, the

location of clogging seems to depend on where the smallest

particles begin to bond. Small particles do not necessarily

bond more than others (see Fig. 13), but because they bond

first, they drive the clogging upstream.

It is worth mentioning that although this was not the

case for the experiments in Ref 6, some materials foul

throughout the entire diverging section, not only in a small

expanse (Ref 22). If a cold spray system with nozzle and

feedstock materials that are known to clog throughout the

entire diverging section were modeled as they are in this

work, the current model may predict both the clogging

expanse and mass of particles responsible for clogging

more accurately.

Discrepancies aside, the transient simulations with

pressure oscillations successfully predict particle–wall

collisions and bonding in the diverging section of the

nozzle, whereas the simulations with constant inflow con-

ditions did not. With this finding, a root cause of particle

dispersion and therefore clogging has been identified,

which satisfies the primary goal of this work.

Conclusions

CFD simulations were performed to identify the cause of

particle dispersion and therefore nozzle clogging in cold

spray. The models were based on specific experiments (Ref

6). A steady-state model was initially investigated, which

failed to predict the particle–wall collisions that those

experiments reported downstream of the throat. This

motivated a transient investigation of particle behavior

with inlet conditions held at constant pressure, which also

failed to predict collisions in the diverging section. Finally,

nine transient simulations were conducted with pressure

oscillations in the feeder tube at three wave amplitudes and

three wave frequencies, all of which successfully predicted

bonding in the diverging section. It is therefore concluded

that pressure oscillations in the feeder tube are a root cause,

but certainly not the only cause, of particle dispersion and

bonding in cold spray.

The pressure waves disperse the particles in proportion

to the wave amplitude: Larger wave amplitudes result in

larger amounts of bonding in the diverging section. There

does not seem to be any correlation between the pressure

oscillation frequency and the degree of clogging.

The pressure oscillations only went up to as high as 1%

of the average pressure, and the models still predicted

substantial amounts of clogging. To extend these
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conclusions, oscillations in the feeder tube can be due to

vibrations, fluid–structure interactions, turbulence, or other

factors still not identified—oscillations are not just limited

to pulsations in the feeder gas flow. In whatever form,

oscillations in the feeder tube region, even if they are very

small, are detrimental in that they promote the onset of

clogging aggressively. Work could be done to limit such

oscillations in the feeder tube region to alleviate the issue

of clogging in cold spray.
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