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Abstract

Cold spraying, also known as gas dynamic cold spraying or supersonic particle

deposition, is an additive manufacturing technique wherein powder particles

are accelerated by a carrier or driving gas passing through a supersonic nozzle

and impinged on a substrate. Powders used in cold spray range from a metal,

alloy, polymer, or composite powder material. In the past this technique

has primarily been used to form protective coatings for surfaces, but the

process is also used for the repair and restoration of damaged or worn parts,

or to machine a part that would be difficult or impossible to otherwise create.

Although cold spray has many benefits over similar fabrication and restorative

processes due to less heat stress on the substrate, a key concern arises when

considering small, internal surfaces. Cold spray relies on the high velocity of

the particles—rather than on their temperature—to bond with the substrate.

When repairing an internal surface that is too narrow for the full nozzle to

fit into, it must be bent to accommodate the smaller diameter. This bend

of the nozzle provides an additional surface for the particles to hit, causing

either clogging or erosion of the nozzle interior, depending on the impacting

particle’s velocity. In this project, previous radial cold spray nozzle designs

were assessed and compared with revised versions to determine a more optimal

design for a radial cold spray nozzle.
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Chapter 1

Introduction

This chapter discusses the present state of cold spray technologies and identifies open

questions and then summarizes the work done for this thesis. The second chapter of

this paper describes the research methodology and simulation setup. The third chapter

describes the results of the simulations and discusses their implications. The fourth

chapter recaps the findings and gives recommendations for future studies.

1.1 Background

Cold spraying, also known as gas dynamic cold spraying or supersonic particle deposition

[1, 2], is an additive manufacturing technique wherein powder particles are accelerated by

a carrier or driving gas passing through a supersonic nozzle and impinged on a substrate.

Powders used in cold spray range from a metal, alloy, polymer, or composite powder

material. In the past this technique has primarily been used to form protective coatings,

but the process is also used for the repair and restoration of damaged or worn parts [2,

3], joining of two dissimilar metals [4], or to fabricate a part that would be difficult or

impossible to otherwise machine [5].

An illustrated overview of the cold spray process is given in Fig. 1.1. The particle

matter is added to the carrier gas through the powder feeder just prior to the supersonic

nozzle, which is where the particles are accelerated to supersonic speed. Once leaving

the nozzle, if the particles have reached their critical velocity, they will bond with the

substrate through ballistic impingement. Typically, either nitrogen or helium is used as

the carrier gas [6]; however, air may also be used [7, 8].
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1.1 Background

Figure 1.1 Overview of the cold spray process [17]

A key aspect of cold spray is the particles’ ability to reach a certain critical velocity.

It is only when the spray material reached velocities above the necessary critical velocity

that they will be able to successfully deposit on the substrate. Critical velocity depends on

the properties of both the spray material and substrate [9, 10]. Major factors affecting the

critical velocity necessary for bonding include the yield stress, the strain hardening index,

and the particle strength coefficient [10, 11]. The particle velocity, and therefore ability to

reach and maintain the critical velocity, is affected by factors including: nozzle expansion

ratio, length of the entrance convergent section, driving gas conditions, particle density

and size, presence of shock waves, and divergent section length [12, 13]. It is widely

believed that particle adhesion is due to adiabatic shear instability [14, 15]; however,

some researchers have proposed that this is not necessary for bonding [16].

Cold spray applies a material layer-by-layer at relatively cool temperatures compared

to thermal sprays. This is one of its key advantages over thermal sprays and other alterna-

tives such as welding. Unlike thermal spray techniques, the powder is not melted during

the spraying process. Rather, the kinetic energy of the particles causes them to undergo

plastic deformation at bonding. Due to this process occurring at lower temperatures and

without melting the particle matter, coatings may be produced with properties that are

unachievable by thermal spray methods [18]. Since cold spray uses comparatively lower

temperatures, there is both less heat stress and fewer heat-affected zones. Cold spray

also retains the initial chemical and material properties of the material and, due to the
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1.1 Background

low heat used, is less prone to oxidation [10, 19, 20]. This makes cold spray ideal for

coatings involving materials that would otherwise oxidize.

This method produces a hard, high density, cold-worked coating that can range in

thickness from several millimeters to several centimeters [19]. Due to compaction, the

density of layers closer to the substrate is greater than that of layers farther away from

the substrate [20]. The layers placed down initially are compacted by each subsequent

layer, progressively getting more compact as layers are added down.

Nozzles of both round and rectangular cross-sections are used in the cold spray process

[8, 21]. For the purposes of this study, only round cross-sections are being considered.

The most common nozzle type used in cold spray is a convergent-divergent—or de

Laval—nozzle; however, convergent-barrel [22, 23] and convergent-divergent-barrel [20,

22, 23] nozzles are also used to accelerate the spray material. The three barrel designs

can be seen in Fig. 1.2. Of these three nozzles, the de Laval nozzle gives the greatest

particle velocity upon exiting the nozzle [23]. The convergent-barrel nozzle, on the other

hand, gives a smaller velocity but greater temperature compared to the de Laval nozzle;

additionally, although the particle velocity in a convergent-barrel nozzle is less than that

in a de Laval nozzle, the ratio of particle velocity to gas velocity is higher [24]. It also

maintains a constant velocity throughout the barrel section of the nozzle. With a de

Laval nozzle, most of the spray particles are accelerated to a velocity greater than the

critical velocity with the use of a carrier gas. Compared to thermal spray processes, the

gas flow rate is much higher; and, particularly if helium is used, the cost is also relatively

high. With the use of a convergent-barrel nozzle, both of those can be reduced.

There are numerous applications of cold spray technologies. These include repairs

and restoration, the rapid manufacturing of low-tolerance parts, and the manufacturing

of parts that would be awkward or impossible to machine otherwise. Through the use of

cold spray, a deposit layer may be produced to even out surfaces and provide a protective

coating. This coating can either be put down preemptively to protect a piece of machinery

from typical wear and tear, or it can be created after the fact to diminish or erase the

effects of prolonged use. This paper will be focused on the applications of wear reduction

and repair of damaged components.

3



1.2 Turning Supersonic Flow

1.2 Turning Supersonic Flow

When repairing aircraft or similar machinery, sometimes it is necessary to repair inner

surfaces that are awkward or impossible for the cold spray nozzles as-is to fit into. A

basic method of adjusting cold spray nozzles for internal coating applications is to simply

shorten the nozzle [20]. However, the nozzle can only be shortened so much since the

particles must travel through a certain length of nozzle in order to reach their critical

velocity. The longer the nozzle length, the greater the particle’s velocity upon impact

with the substrate; accordingly, if the nozzle length is decreased beyond a certain point,

the particles are unable to reach the critical velocity necessary to bond with the substrate.

Some of this can be mitigated by using helium instead of nitrogen. Since helium has both

a higher specific heat ratio and a higher specific gas constant, it can increase to higher

velocities in short nozzles with the same expansion ratio [25].

Other than shortening the nozzle, there are two primary methods for dealing with

internal cold spray. Since there was no consistent naming convention used in previous

literature, in this thesis they will be referred to as directional and radial nozzles. Di-

rectional nozzles, such as in Fig. 1.3, feature the entire nozzle bent into a particular

direction. Radial nozzles, such as in Fig. 1.4, which features 360◦ radial spray to coat all

internal surfaces at once.

(a) Converging-diverging (de Laval) nozzle (b) Converging-barrel nozzle

(c) Converging-diverging-barrel nozzle

Figure 1.2 Three main nozzle types used in cold spray. The dotted line indicates the
center axis.
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1.2 Turning Supersonic Flow

Figure 1.3 Directional cold spray nozzle [26]. Numbering from original.

The first of these nozzle types is directional nozzles [25–27], where the nozzle is bent

at an angle to accommodate the smaller area it can fit into. Using either a single nozzle

or a set of nozzles, the inner surface of the substrate may be sprayed with a coating.

However, this requires either a partial or complete rotation of the treated tube. The

nozzles used here can vary from converging-diverging—where the diverging portion of the

nozzle continues through both the axial and radial sections of the pipe—and converging-

diverging-barrel—where the diverging portion is relegated to the upstream axial section.

A key benefit to a continuous diverging section is that without it, the carrier gas and

particles experience deceleration throughout the bend, which can impair their ability to

maintain the critical velocity necessary to bond with the substrate.

Another alternative is to use a radial nozzle. This nozzle design uses an annular

nozzle, such as in Fig. 1.4, to create a 360◦ spray which avoids the need of rotating either

the pipe or spray surface to coat the interior [28–33]. This method is more efficient in

coating internal surface of cylindrical tubes, since all sides may be coated at once. It is

also a more straightforward coating process than the directional spray method described

previously because there is no tube rotation necessary. If radial cold spray nozzles are

designed as two plates held together by a center pin, this also provides ease of maintenance

as one plate can be removed if necessary. This grants greater access to the interior of the

cold spray nozzle.

Important considerations to be made in bent nozzle designs are the severity of the

bend angle and the locations of the convergent and divergent sections compared to the
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1.2 Turning Supersonic Flow

Figure 1.4 Annular cold spray nozzle [28]. Numbering from original.

bend (i.e. whether to use a convergent-divergent or convergent-divergent-barrel nozzle).

If the bend is more gradual, the fluid flow will be able to more easily move around the

bend without particle powder colliding with the nozzle wall. However, if the nozzle is still

bending close to the outlet, the spray material may have reached a high enough velocity

that it will be more likely to impinge on the nozzle at said bend and therefore be more

likely to clog it.

Although it may not be practical to simply use a shortened nozzle, this necessitates

turning the supersonic flow which comes with certain inherent challenges. Turning su-

personic flow results in shocks and expansion fans. Additionally, secondary flows occur

whenever flow in a pipe encounters a bend [34–37]. Viscous forces cause a velocity gra-

dient, which is normal to the plane of curvature [38, 39]. At the bend, fluid going faster

than the average fluid flow speed will move to the outside of the bend; conversely, fluid

traveling at a speed less than the average will move to the inside of the bend (see Fig.

1.5). This is due to the presence of radial pressure gradients. A pressure differential forms

to balance the centrifugal force on the fluid, with higher pressures occurring at the outer

wall and lower pressures occurring at the inner wall [36]. When fluid is pushed to the

outer wall, it will slow down due to its proximity to the boundary layer and subsequently

be pushed back to the inner wall. Consequently, due to the non-uniform velocity, this

constant secondary movement of the flow will cause a diminished flux and greater losses

than a corresponding length of straight pipe [35]. As long as secondary velocities are
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1.3 Nozzle Clogging and Erosion

Figure 1.5 Secondary flow in a curved pipe. The fluid flows around two points, labeled
S and S ′ [36].

small, however, the losses due to secondary flow will also remain small [35]. There also

may be variable heat transfer rates and the fluid may choke at the bend, which would

cause changes in the mass flow rate and a decreased velocity. Strong oscillations in the

flow may develop due to the aforementioned secondary flows or due to flow separation.

With a limit on divergent section length, the increased presence of shock waves, and

a greater chance of collisions with the angled nozzle wall, a possible issue that may arise

in turning supersonic flow is decreased particle velocity. This may impair the powder

particles’ ability to accelerate to their critical velocity and therefore be less likely to bond

with the substrate.

When designing these nozzles, one factor to look at is how uniform the particle distri-

bution is. A recurring problem with cold spray is the resulting microstructural inhomo-

geneity of the deposit, caused by factors such as variations in particle sizes and velocities

[6]. One possibility is that shock waves resulting from turning supersonic flow may result

in greater irregularity of the deposit. Other factors to consider are the minimum length

of the acceleration section necessary to achieve the critical velocity and the typical length

of the supersonic jet, which determine the width of the internal surface that the nozzle

will be able to spray.

1.3 Nozzle Clogging and Erosion

A large change in particle direction due to the nozzle bend will lead to increased collisions

with the channel wall. This can subsequently lead to one of two outcomes. If the particles

continue at or above their critical velocity, they have a chance to bond with the nozzle

wall and produce clogging. Conversely, particles that collide with the nozzle before they
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have accelerated fast enough to adhere will wear away at the inner wall. Similarly, if

the secondary flows, shocks, and expansion fans slow the particles to below their critical

velocity, they will erode away the surface of the nozzle upon impact.

Nozzle clogging, or nozzle fouling, occurs when the spray material collides with and

adhere to the inner nozzle wall. Clogging is an inherent risk in bent cold spray nozzles

due to the change in fluid flow direction. Not all particles will smoothly follow the curve

of the nozzle, and some will instead collide with the nozzle wall. As a result of nozzle

clogging, the working cross-sectional area of the nozzle decreases. This means that the

flow velocity, and the particle exit velocity, are also decreased. Accordingly, there is also

a decrease in particle deposition, since the particles may not reach their critical velocity.

The nozzle operating window also decreases.

Nozzle fouling is both an expensive and an inconvenient problem. Frequent nozzle

replacement is not feasible due to the high expense of nozzle materials. Instead of re-

placing a clogged nozzle it can be cleaned, but this requires inconvenient machining to

remove the particle build-up and restore the nozzle to working condition.

Another possible issue with radial cold spray nozzles is the erosion of the inner nozzle

wall. If the particles do not accelerate enough to reach their critical velocity, then they

will not bond with the surface they hit. Instead, they will erode away at it. Particles

with higher hardness such as tungsten and chromium are more likely to cause erosion and

impact damage on the surface of the substrate due to their worse deformation capacity

[11]. This makes it difficult to deposit these materials on the substrate.

Whether clogging or erosion of the wall occurs depends on whether or not the powder

particles have managed to accelerate to their critical velocity prior to impact. Nozzle

clogging and nozzle erosion both alter the cross-sectional area of the nozzle, changing the

flow acceleration and resulting particle deposition.

A possible solution to the clogging predicament is to turn the particles at the initial

part of the acceleration section, thereby minimizing chances for the particles at their

highest velocity to collide with and deposit on the nozzle wall. This was the thinking

behind the nozzles developed by Kosarev et al [30]. However, although the particles may

not cause clogging of the nozzle interior, since they are moving at lower speeds they will

instead wear away at it. Neither of these outcomes is ideal since they both alter the shape

of the channel and the flow path.

8
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1.4 Overview

This study looks into radial cold spray designs of the type described by Kosarev et al

[30, 31]. This nozzle design features a severe angle of bend. As mentioned previously, a

sudden and dramatic turn angle presents a major clogging issue. The 90◦ bend angle of

the nozzle creates a wall obstructing the flow that particles of sufficiently high velocity

will impinge upon. On the other hand, if the bend is too early in the flow path and the

particles have not accelerated to their critical velocity, they will instead erode away the

inner wall surface. The aims of this study are to find a more optimal nozzle design to

minimize both clogging and erosion of the nozzle while also optimizing the shape of the

nozzle to avoid flow separation

9



Chapter 2

Methods

2.1 ANSYS FLUENT

For the purposes of this research, simulations were conducted using ANSYS FLUENT

v21.2 and v22.1 [40]. Nozzle geometries were either created as CAD files in Autodesk

Fusion 360 [41] and imported into ANSYS Workbench or created directly in ANSYS

Workbench using ANSYS DesignModeler. They were then used to run 2D axisymmetric

simulations.

ANSYS FLUENT is a commercial computational fluid dynamics (CFD) simulation

software that uses the finite volume method (FVM) to solve fluid dynamics problems. In

addition to the FVM, other prominent solution methods used in CFD are the finite differ-

ence (FDM) and finite element (FEM) methods [42]. In all of these methods, illustrated

in Fig. 2.1, the flow geometry is divided into smaller components that are then used to

solve a particular set of governing equations. However, the various numerical methods

differ in how they go about solving the given set of partial differential equations.

The FVM is the most common numerical solution method used by commercially-

available CFD simulators [42]. It discretizes a geometry into a computational mesh of

contiguous, non-degenerate cells or control volumes. For each of these cells, a set of

conservation equations are iteratively solved and then averaged, relying on the fact that

what goes into each cell must then come out of that same cell. This process, and the

governing equations used by ANSYS FLUENT, are further explained below.

The FDM finds an unknown variable by sampling different points and then generating

finite difference approximations of the partial derivatives at each point and its neighboring
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2.1 ANSYS FLUENT

(a) Finite volume method (b) Finite element method

(c) Finite difference method

Figure 2.1 CFD discretization methods [43].

points. These approximations are done through Taylor series expansions. Truncating the

Taylor series after a smaller number of terms rather than a larger number decreases the

accuracy of the expansion but also decreases the complexity.

In the FEM, the geometry is subdivided into simple geometric shapes, or elements,

similar to the control volumes used in the FVM. However, instead of using conservation

laws, the FEM uses piecewise polynomial functions to approximate the solution.

ANSYS FLUENT uses five principle governing equations to represent mass, momen-

tum, and energy conservation [40]. There is one equation each for mass and energy

conservation, along with three equations for conservation of momentum. These equa-

tions are also called the Navier-Stokes equations. Each local cell in the computational

mesh is used to form balances according to these five equations.

The general form of the continuity equation can be written as in Eqn. 2.1. When

looking at 2D axisymmetric geometries, it is instead written as Eqn. 2.2.

∂ρ

∂t
+∇ · (ρ~v) = 0 (2.1)
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∂ρ

∂t
+
∂ρ

∂x
(ρvx) +

∂ρ

∂r
(ρvr) +

ρvr
r

= 0 (2.2)

For an inertial, non-accelerating reference frame, conservation of momentum is de-

scribed by Eqn. 2.3, where p is static pressure, ¯̄τ is the stress tensor, ρ~g is the gravita-

tional body force, and ~F is the external body force. The equation for the stress tensor ¯̄τ

is described in Eqn. 2.4, where µ is molecular viscosity and I is the unit tensor.

∂

∂t
(ρ~v) +∇ · (ρ~v~v) = −∇ · ρ+∇ · (¯̄τ) + ρ~g + ~F (2.3)

¯̄τ = µ

[(
∇~v +∇~vT

)
− 2

3
∇ · ~vI

]
(2.4)

The axial and radial momentum conservation equations for 2D axisymmetric geome-

tries are given by Eqn. 2.5 and 2.6, respectively, where ∇ · ~v is given by Eqn. 2.7.

∂

∂t
(ρvx) +

1

r

∂

∂x
(rρvxvx) +

1

r

∂

∂r
(rρvrvx) = −∂p

∂x
+

1

r

∂

∂x

[
rµ

(
2
∂vx
∂x
− 2

3
(∇ · ~v)

)]
+

1

r

∂

∂r

[
rµ

(
∂vx
∂x

+
∂vr
∂x

)]
+ Fx (2.5)

∂

∂t
(ρvr) +

1

r

∂

∂x
(rρvxvr) +

1

r

∂

∂r
(rρvrvr) = −∂p

∂r
+

1

r

∂

∂x

[
rµ

(
∂vr
∂x

+
∂vx
∂r

)]
+

1

r

∂

∂r

[
rµ

(
2
∂vr
∂r
− 2

3
(∇ · ~v)

)]
− 2µ

vr
r2

+
2

3

µ

r
(∇ · ~v) + ρ

v2z
r

+ Fr (2.6)

∇ · ~v =
∂vx
∂x

+
∂vr
∂r

+
vr
r

(2.7)

2.2 Simulation Setup

The computational domain along with the assigned boundary conditions is shown in Fig.

2.2. Flow was simulated using a 2D axisymmetric solver. The inlet pressure, shown

by the blue arrows, of the nozzles designed in this study were set to 4.0 MPa and 673
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2.2 Simulation Setup

Figure 2.2 Radial cold spray nozzle design

K. The outlet pressures, shown by the red arrows, were set to the normal temperature

and pressure (NTP) values of 101.325 kPa and 293 K. The axis, prechamber, converging

section, diverging section, external nozzle wall, and substrate are all labeled. The upper

horizontal line represents the substrate. The lower horizontal line is the nozzle axis.

Helium was used as the fluid, and its density was modeled using the ideal gas equation.

Walls were assigned the no slip condition. Flow was assumed to be steady. Although

density-based solvers are typically used for compressible flow simulations, a pressure-

based solver was used instead. The SIMPLE pressure-velocity coupling model was used.

Spatial discretization was set to first-order upwind with the least squares cell-based gra-

dient evaluation. No wall heat transfer was modeled. Flow was modeled as either laminar

or turbulent using the k-ε model.

The designs described by Kosarev et al. were recreated and tested according to their

specified boundary conditions [29]. The inlets were set to two values of pressure, 1.5 MPa

and 2.5 MPa, and two values of temperature, 300 K and 500 K. The outlets were set to

NTP. The SST k-ω turbulence model was used.

When tangential velocities at the inlet were considered, the flow was simulated using
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2.2 Simulation Setup

the axisymmetric swirl solver. Including simulations where there was assumed to be no

swirl, three swirl angles were used in total: 0◦, 15◦, and 30◦. Angles above 30◦ became

unstable.
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Chapter 3

Results and Discussion

The results of the simulations are discussed in this chapter. The nozzle design of Kosarev

et al. is analyzed first, followed by discussion of two nozzles designed in this study.

3.1 Evaluation of Previous Nozzles

The nozzle designed by Kosarev et al. is an annular nozzle that features a central channel

of constant area that makes a sharp 90◦ turn [29–31]. The flow then travels radially

outwards from this contact point along the path of two flat plates. The distance between

the plates is kept constant throughout the diverging section at a distance of 1 or 2 mm,

depending on nozzle design.

A contour plot of the Mach number and the velocity streamlines of the Kosarev et al.

2 mm plate distance design is shown in Fig. 3.1. As seen in the figure, there is a sharp

inner corner whose presence creates a stagnation point. The stagnation point causes the

flow to separate, as indicated by the dark color. The particles gain radial momentum

which increases their likelihood both of colliding with other particles and colliding with

the nozzle wall. By gradually changing the curvature of this inner corner and the flow

path, the flow separation can be averted, as seen in Fig. 3.2 which represents a design

developed in this study.

As can be seen in Fig. 3.2, the Mach number contours of the fluid flow are more

uniform across the nozzle cross-section when the sharp angle on the inner surface has

been smoothed.A minor change to the original nozzle design of smoothing out the inner

corner should help reduce particle collisions with the nozzle wall and as a result would
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3.1 Evaluation of Previous Nozzles

Figure 3.1 Mach number contours of the original radial nozzle design, figure from [29].
Note the sharp inner bend and dark patch representing flow separation.

reduce nozzle clogging. In addition, even with the design adjustment, the nozzle still

features the same Mach ratio.

Oblique shocks off the nozzle walls were observed both in Kosarev’s design and the

adjusted design, as shown in Figs. 3.1 and 3.2, respectively. These oblique shocks reflect

off the nozzle walls and can potentially destabilize the fluid flow, providing an additional

risk of nozzle clogging.

Another notable feature of these nozzles is the sudden 90◦ turn of the flow path. As

mentioned earlier, a large angle of bend increases the probability of the particles colliding

against the nozzle wall. These collisions increase the chance of either nozzle clogging or

wall erosion. However, in either of the outcomes, the impact velocity of the particle plays

a significant role.

Kosarev et al. suggested that turning the flow early in the nozzle, before the particles

have greatly accelerated, might prevent nozzle clogging since the fluid will still be moving

at comparatively slow speeds [30]. However, if the particles are colliding against the wall

at a speed below their critical velocities, they will cause the wall to erode. In either

case, clogging or erosion will alter the shape of the channel, thereby affecting both the

flow speed and direction. Even if operating under the assumption that neither clogging

nor erosion are issues at the immediate nozzle bend, the particles’ radial velocities still

increase the likelihood of both particle-particle and particle-wall collisions later on in the
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3.2 New Nozzle Designs

Figure 3.2 Mach number contours of the adjusted radial nozzle design. Note the gradual
inner bend.

flow path.

To summarize, minimizing the flow separation required only a minor smoothing of the

inner corner of the nozzle. However, modifying the bend angle requires a fundamental

change to the nozzle design. This design modification and its outcomes are discussed in

the following section.

3.2 New Nozzle Designs

A couple of nozzle designs featuring a gradual bend angle in comparison to the Kosarev

nozzle are discussed in this section. Nozzle 1 features equidistant plate separation, as in

the Kosarev nozzle, and a gradual bend angle. Nozzle 2 features a progressively shrinking

plate separation and greater axial length compared to Nozzle 1.

3.2.1 Nozzle 1

The first nozzle design, depicted in Fig. 3.3, was constructed to have a more gradual

bend angle than that seen in the Kosarev nozzles. It features a diverging section that

gradually curves outwards as distance from the throat increases. Similar to the Kosarev

nozzle, the distance between the two plates is kept roughly equivalent from the nozzle

throat to the nozzle exit.
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3.2 New Nozzle Designs

This design results in overexpanded flow, which is evident by the flow separation

at the nozzle exit. It can be further observed that the fluid flow is pushed to the far

wall, resulting in an uneven particle distribution on the substrate. The nozzle also shows

the presence of an oblique shock along the walls of the nozzle and some reversed flow.

Although powder particles were not simulated, it is evident by the velocity vectors in

Fig. 3.3b that the flow gains additional radial velocity following the oblique shock. This

would likewise impart additional radial velocities on the particles.

There are three types of nozzle expansion: optimal expansion, overexpansion, and

underexpansion. By increasing the cross-sectional area of the nozzle through the diverging

(a) Mach number

(b) Velocity vectors

Figure 3.3 Nozzle 1 Mach number and velocity.
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3.2 New Nozzle Designs

(a) Optimally expanded nozzle (b) Overexpanded nozzle

(c) Underexpanded nozzle

Figure 3.4 Types of nozzle expansion. The dotted line indicates the center axis. The
dashed line indicates the nozzle exit.

section, the pressure of the fluid will decrease towards atmospheric conditions. If the

pressure at the nozzle exit is below ambient pressure, it is considered overexpanded.

An overexpanded nozzle has an exit area greater than the ideal case. Given a high

enough difference between nozzle and atmospheric pressure, the flow separates at the exit.

Conversely, if the nozzle pressure at the exit is above ambient pressure, it is considered

underexpanded. An underexpanded nozzle has an exit area less than the ideal case. In

an underexpanded nozzle, once exiting the nozzle into an area of lower pressure the fluid

flow will increase in speed. An optimal nozzle design would be such that the exit and

atmospheric pressures are equal. Otherwise, the nozzle will have a loss of efficiency. These

three cases, optimal expansion, overexpansion, and underexpansion, are depicted in Fig.

3.4.

The ideal nozzle throat to nozzle outlet area ratio was calculated using Eqn. 3.1,

where A? is the area of the throat and A is the area of the nozzle outlet. The outlet area
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3.2 New Nozzle Designs

Figure 3.5 Nozzle 1 temperature distribution.

of Nozzle 1 was calculated to be almost double the ideal outlet area.
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The temperature profile is depicted in Fig. 3.5. There is a spike in temperature

near the substrate. This apparent violation of conservation of energy equations implies

that the simulation did not converge properly. The convergence criteria may have to be

tightened to improve the results seen here. There may also have been an issue with the

boundary conditions not considering reversed flow at the outlets.

One of the potential ways to mitigate the flow separation due to overexpansion is

adding swirl to the flow. This was achieved by assigning a tangential velocity to flow at

the nozzle inlet, which tends to push flow towards the outer edge. The swirl angle was

set to 15◦ and 30◦.

However, contrary to the expectation, the addition of swirl exacerbated the flow sep-

aration. With a 15◦ swirl angle, seen in Fig. 3.6 and 3.7, the flow is comparable to the

flow when the tangential velocity component was set to 0. There are some additional

oscillations in the free jet but similar levels of flow separation were observed. In the case

of the 30◦ swirl angle, shown in Fig. 3.8 and 3.9, the flow separation becomes profound.

The free jet also gets pushed to the far side of the nozzle, which would put a greater

stress on that side and it is likely to increase particle collisions against the wall.
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3.2 New Nozzle Designs

Figure 3.6 Nozzle 1 temperature with swirl angle of 15◦.

Figure 3.7 Nozzle 1 Mach number with swirl angle of 15◦.
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3.2 New Nozzle Designs

Figure 3.8 Nozzle 1 temperature with swirl angle of 30◦.

Figure 3.9 Nozzle 1 Mach number with swirl angle of 30◦.
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3.2 New Nozzle Designs

3.2.2 Nozzle 2

In order to alleviate the issues seen in Nozzle 1, the subsequent nozzle design depicted in

Fig. 3.10 was developed. In this design, to provide a gradual increase in cross-sectional

area, the length of the nozzle was increased along its axis of rotation. Furthermore, the

outlet of the nozzle has also been narrowed. As a result, along the axis of the nozzle, the

distance between the two plates decreases gradually in Nozzle 2 whereas the two plates

were equidistant in Nozzle 1.

As shown in 3.10, the adjustments to the nozzle avoided the oblique shock observed in

Nozzle 1 (Fig. 3.3). Additionally, it can be observed that this nozzle design results in an

underexpanded flow, which can be seen by the sudden acceleration of fluid immediately

upon exiting the nozzle.

(a) Mach number

(b) Velocity

Figure 3.10 Nozzle 2 Mach number and velocity.

23



3.2 New Nozzle Designs

Figure 3.11 A comparison of the cross-sectional areas of Nozzle 1 and Nozzle 2, plotted
against the distance from the nozzle inlet.

A comparison of the cross-sectional areas of Nozzle 1 and Nozzle 2 is given in Fig.

3.11. The equation for the surface area of a frustum, Eqn. 3.2, was used to calculate

these areas. L is the slant height of the cone, r1 is the radius of the large base or outer

side of the nozzle, and r2 is the radius of the small base or inner side of the nozzle. A

figure illustrating this is given in the Appendix. L, r1, and r2 were measured by hand.

AS = πL(r1 + r2) (3.2)

The area of the prechamber and converging section of each nozzle was kept the same

for consistency. Fig. 3.2 demonstrates that Nozzle 2 features a more gradual increase in

corss-sectional area compared to Nozzle 1. Nozzle 1 features both a more rapid increase

in area and a greater exit area than Nozzle 2. Additionally, Nozzle 2’s diverging section

cross-sectional area initially stays roughly constant with the area of the throat before

beginning to increase. This has led to the nozzle throat, where Mach number equals 1,

moving further downstream in Nozzle 1 compared to Nozzle 2 (see Fig. 3.3a and 3.10a).
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Chapter 4

Conclusions

The primary concern with preexisting directional and radial cold spray nozzles was the

drastic bend angle meant to accommodate smaller openings and repair sites. A large

bend angle increases particle collisions with the nozzle wall since the flow cannot move as

easily around the obstruction. Accordingly, this increases the risk of clogging and erosion,

depending on the location of the bend. Both of these concerns depend on particle velocity;

namely, they depend on whether the particles have managed to accelerate above their

critical velocity or not, respectively. Nozzle clogging and erosion change the shape of the

channel, affecting particle velocity and direction and impairing the particles’ ability to

impinge on the substrate.

While nozzle clogging is a risk in any cold spray nozzle, it is of particular concern

in bent cold spray nozzles due to the increased likelihood of particles impacting on the

nozzle wall.

It is proposed that a more gradual bend of the nozzle channel will help avoid major

clogging or erosion issues, since the fluid will more easily be able to flow through the

nozzle without particles impacting on the interior wall. Although no ideal nozzle design

has been found, adjustments to a previous nozzle designed by Kosarev et al. to smooth

out a sharp corner on the internal nozzle walls have been found to reduce flow separation

with no loss in Mach number.

Flow separation is a primary concern with these nozzle designs since it imparts sec-

ondary velocities on the flow that increases the likelihood of particle collisions with the

nozzle wall. Both the original Kosarev nozzles and one of the nozzles designed in this

study, Nozzle 1, exhibit flow separation. By reducing flow separation, the nozzle will be

less likely to clog due to the fewer number of collisions occurring.
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Limitations to this thesis include assuming single-phase flow in the simulation rather

than multi-phase flow with particles. Simulating multi-phase flow would show the particle

movement in addition to the flow of the carrier gas. Additionally, one of the nozzles failed

to converge properly. This could be due to an issue with the convergence criteria or with

the boundary conditions.
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Appendix A

Supplementary Figures
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Figure A.1 Formulas to calculate the surface area of a frustum of a cone [47]. CSA
refers to the curved surface area. TSA refers to the total surface area.
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Figure A.2 Nozzle 1 pressure distribution.

Figure A.3 Nozzle 1 density distribution.
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Figure A.4 Nozzle 1 velocity magnitude with swirl angle of 15◦.

Figure A.5 Nozzle 1 velocity vectors with swirl angle of 15◦.

33



Figure A.6 Nozzle 1 velocity magnitude with swirl angle of 30◦.

Figure A.7 Nozzle 1 velocity vectors with swirl angle of 30◦.
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Figure A.8 Nozzle 2 pressure distribution.

Figure A.9 Nozzle 2 density distribution.

Figure A.10 Nozzle 2 temperature distribution.
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