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Abstract

Numerical Modeling of the Cold Spray Process

Qing Song Zhu

This thesis involves numerical modeling of several cold spray processes in order to
predict the gas flow as well as the particle conditions upon impacting on a substrate.
Particle normal velocity was found to be the most important factor to improve the
deposition efficiency and coating quality. Particle velocity was calculated with both
Lagrangian and Eulerian approaches. The Lagrangian approach was used to investigate
the effect of particle size and substrate geometry in a dilute particle flow. The shape and
strength of the bow shock formed near the substrate for different geometries (such as
concave, convex, and flat) were studied. Consequently, the particle normal velocities
impacting on the substrates located at various stand-off distances were calculated.
Furthermore, the numerical simulations were repeated with particles of various sizes as
well as different types of feeding gas. The results were compared to obtain the optimum
substrate location and the appropriate particle size for each feeding gas. The numerical
results were validated against the experimental results for the majority of the process
parameters including the gas Mach number and mean particle velocity. The Eulerian
approach was also implemented to model dense particulate flows. It was found that a
dense particulate flow could significantly decelerate the gas flow and consequently result

in small particle velocity.
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1. Introduction

Thermal spray is a class of processes to deposit accelerated and heated coating
material on a substrate. The coating material can be metallic, such as copper, titanium,
and aluminum or nonmetallic, such as ceramics, glasses, and polymers. The coating
material is normally in the form of fine powder, which can be easily heated to molten
state and accelerated to high velocity. There are also other forms of coating material, such
as wire, ceramic-rod, and molten materials which are widely used. To be successfully
deposited on a substrate, the coating material must either obtain high kinetic energy from
the gas flow, or absorb sufficient thermal energy from heat sources, such as an Oxy-Fuel
flame or an electric arc. If the kinetic energy of the coating material is not high enough,
the coating material has to be heated to semi molten or molten state to facilitate the
coating process, as in a plasma or HVOF process. On the contrary, if the coating material
is accelerated to high velocity, it can even be deposited at room temperature, as in a cold
spray process.

Thermal spray technology is widely used in various industries to form a coating
which can prevent work pieces from wear, corrosion, erosion, and heating. It is also used
to produce engineered materials with unique properties, such as strain-tolerant ceramics,

metallic glasses, cermets, and metal-polymer composites (plastimets).
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Based on the way of heating and the type of the coating material, thermal spray
processes can be divided into the following categories: molten metal flame spray, power
flame spraying, wire flame spraying, ceramic rod flame spraying, detonation flame
spraying, high velocity oxy-Fuel spraying (HVOF), nontransferred plasma arc spraying,
electric arc spraying, RF plasma spraying, and cold spray.

Some of these thermal spray technologies, such as molten metal flame spray, have
been developed over a century. In general, the trend in the development of thermal spray
processes has been directed toward reducing the gas flow temperature. The commonly
used thermal spray systems are listed in the following sections, involving plasma

spraying, high velocity oxy-fuel (HVOF), and cold spray process.

1.1. Common Thermal Spray Processes

Plasma Spraying

Plasma spraying is a thermal spray process using an electric arc to heat and ionize a
gas stream into a plasma gaseous cloud which melts the coating material and propels it to
the substrate [1]. Plasma spraying technology was commercially developed in the 1950s.

Figure 1-1 shows a schematic diagram of a typical plasma spray process. A gas
flow is fed into a plasma spray gun and heated to form plasma, a compound of free
electrons, positive ions, neutral atoms and molecules produced from the ionized gas.
Various gases can be used in a plasma spray process, such as argon, nitrogen, hydrogen,
and helium. To obtain a plasma flow with satisfactory velocity and temperature, a

mixture of gases, such as argon-hydrogen, argon-helium or nitrogen-hydrogen, is also
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widely used. The feed gas is heated by an electric arc which is initiated by a high voltage
discharge between a water cooled copper anode and a tungsten cathode. The temperature
of the heated gas is extremely high (ranging from 5000 °C to 16000 °C) in the area of the
electric arc that the chemical bonds of the gas molecules and atoms are broken,
consequently resulting in the formation of plasma, an ionized gaseous compound. Since
the anode is shaped as a nozzle, the plasma flame is accelerated in this nozzle. When the
coating material, which is normally in the form of powder, is injected upstream into the
nozzle bore, the plasma flame melts the powders and transports them toward the substrate
to form a coating. The spray distance, known as the stand-oft distance of the substrate,

varies within a range of 25 to 150 mm.

Substrate
Powder injection 2

Anode ~

Plasma Gas—>

Cathode” > —

Plasma Gas —>

Spray Distance

Figure 1-1  Schematic diagram of the plasma spray process

One of the advantages of plasma spraying system is that the plasma guns can be
simply designed and manufactured. Moreover, as the temperature of a plasma stream can

be as high as 16,000 °C, plasma spraying systems can be used to coat refractory metals,
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such as tungsten, as well as ceramics, such as zirconia. Most feedstock materials used in
thermal spray processes can be coated by plasma spraying systems. However, a high
temperature results in some disadvantages, such as high level of oxidation in the coating
and high porosity in the coating structure. Additionally, the residual stresses through the
coating are rather high leading to cracks forming. In order to reduce oxidation and
residual stress, new coating methods were developed, such as high velocity oxy-fuel
spraying (HVOF), in which coating process is performed under a lower temperature

which results in a higher particle velocity compared to a plasma spray.

High Velocity Oxy-Fuel Spraying (HVOF)

High velocity oxy-fuel spraying (HVOF) is a flame spray process involving high
velocity gas and particle flow [2]. It was developed in the 1980s based on the rocket
engine technologies.

As shown in Figure 1-2, a mixture of oxygen and fuel is fed into the inlet of the
converging-diverging nozzle, known as de Laval nozzle, and burns. Various gases can be
used as the fuel in HVOF process, such as hydrogen, propane, propylene, and kerosene.
Heat and by-products are produced from the combustion process of the gas mixture. The
gas products which are under high pressure (6 atm) and high temperature (about 3000K)
accelerate in the converging part of the nozzle. At the nozzle throat, the gas Mach
number is about 1. The gas expands further in the diverging section of the nozzle and
develops into a supersonic flow. A series of diamond-shaped shocks are produced near
the nozzle exit when the gas flow interacts with the boundary of the surrounding

atmosphere. These shocks are also referred to as “shock diamonds”, which are composed
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of sequence of compressive oblique shocks and Prandtl -Meyer expansion waves. The

physics of shock diamonds will be further explained in the second chapter of this thesis.

Coolant

Oxy-Fuel N
Particle and Gas —>.

Oxy-Fuel —>
Coolant —>

Figure 1-2 Schematic of a HVOF nozzle

Powders are also injected axially into the converging section of the nozzle, where
they are propelled and heated by the expanding hot gases. They are accelerated
continuously through the nozzle. However, they are decelerated by the shock diamonds
and the bow shock between the nozzle exit and the substrate. Finally, the particles impact
on the substrate and form a coating.

The gas temperature in an HVOF process (about 3000K) is lower than that of a
plasma spraying process (about 10,000K). Therefore, the gas density and consequently
particle velocity is much higher in an HVOF process compared to those of a plasma spray
(about 500 m/s for HVOF and 100 m/s for plasma). This results in a dense and low
porosity coating when it compares with that of the plasma spraying system. The
disadvantages of HVOF technology include low deposition efficiency and moderate to
high level of oxidation in the coatings.

High temperature in the conventional thermal spray processes, such as plasma
spraying or HVOF, results in oxidation, porosity and thermal stresses in the coating layer.
The general trend in development of thermal spray technology is to reduce the gas

temperature, and to increase the particle velocity upon impact on the substrate. Cold gas
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dynamic spray, or "cold spray" for short, is a breakthrough of the conventional thermal

spray process because it can deposit particles with high velocity at room temperature [3].

1.2. Cold Spray

Cold spray is a thermal spray process in which fine particles (typically between 1-
50 um) are accelerated by a supersonic gas flow to a high velocity (ranging from 500 up
to 1500 m/s), then impact on a substrate, plastically deform, fuse and consolidate to form
a coating [3]. The particles used in the cold spray process are not preheated to a molten
condition. The gas temperature in this process is relatively low (300-1000K) [4]. Cold
spray can even be performed under room temperature.

Cold spray technology was developed by Papyrin et al. [3] in mid 1980s at the
Institute of Theoretical and Applied Mechanics of the Russian Academy of Sciences.
Because this process generally is performed at room temperature, there is no oxidation
forming in the coating. As a result, this technology garnered the interests of researchers
world wide. Over the last decade efforts have been made to commercialize this
technology.

As shown in Figure 1-3, a cold spray system is basically composed of a converging-
diverging de Laval nozzle, a powder feeder, a high pressure gas tank and a gas heater.
The highly compressed gas expands and accelerates in the nozzle, developing a
supersonic flow in the diverging section of the nozzle [5]. The particles are also injected
into the nozzle inlet, where they are propelled and accelerated by the gas flow. At the
nozzle exit, the particle velocity may exceed 1200 m/s when a combination of helium and

fine particles are used.
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Bow Shock

Shock Diamonds

Substrate

Figure 1-3 Schematic of a cold spray system

Outside the nozzle, coating particles are further accelerated by the shock diamonds.
After that, coating particles pass through a strong bow shock near the substrate. As a
result, their velocities decrease dramatically. Only those particles having a velocity larger
than the critical velocity [6] can successfully be deposited on the substrate. The critical
velocity is the minimum velocity required for a particle in order to be successfully
deposited on a substrate.

Low temperature in cold spray process results in a reduced level of coating
oxidation, which is one of the main benefits of cold spray process versus the other
thermal spray processes. The electrical conductivity of the coated materials by cold spray
technology is also high because of the low level of oxidation associated with cold spray
coatings. Besides this, some other benefits are obtained from this low temperature coating

technology, such as reduced material loss by vaporization, low residual stress, improved
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phase and compositional stability, insignificant grain growth and recrystallization, etc.
Furthermore, the range of metal powders which can be coated is wider in the cold spray
process, including thermally sensitive alloys and small powders.

Other advantages of cold spray stem from the high impact velocity of the particles,
such as high deposition rate, the improved adhesion, low gas entrapment and porosity,
high density of the coated materials, increased bond strength, reduced masking
requirements, improved surface finishes and lower heat input to work pieces.

One limitation of cold spray process is that the coating material has to be ductile
owing to the principle of impact-fusion coating build-up of this process. Various ductile
metals, alloys , and polymers can be used in cold spray process, such as Zn, Sn, Ag, Cu,
Al, Ti, Nb, Mo, Nicr, Cu-Al, Nickel alloys , and MCrAlYs. Brittle metals or ceramics
cannot be easily coated by cold spray technology, except being mixed with a ductile
material.

Moreover, the work piece material has to be strong enough to withstand the erosion
effect of the high speed particles. The soft or friable substrates are not appropriate to be
used in a cold spray process. Other disadvantages of the cold spray process include high
gas pressure, short lifetime of key components and high gas cost because of the use of
high gas flows.

Based on the improved wear and fatigue characteristics associated with cold
sprayed coating layers, the process can be widely used in industries to make a protective
coating layer on a substrate, preventing the substrate from corrosion, erosion, heating,
and wear. It can also be used for some special purposes, such as depositing electrical

conductors and solders, and coating a metal layer on a ceramic or glass substrate.
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Potential applications of cold spray technology have been found in various industries,
such as automotive, aerospace, electronics, biomedical, chemical, mineral processing,
paper, petroleum, glass, and power generation. It can also be used as a technique to
fabricate small parts layer by layer, to weld in low-temperature, to join chemically
dissimilar materials, to provide electrical insulation for the work pieces, or to produce
new materials, such as metallic glasses, cermets, metal-polymer composites (plastimets),
and nano-structured materials.

Although the potential application of cold spray technology is vast, as a newly
emerged technology, cold spray technology has still not been fully understood and
commercialized because of the technological and numerical challenges associated with

this process described below.

1.3. Motivation

1.3.1.  Technological Challenge

The main challenge to commercialize the cold spray technology is to increase the
particle deposition efficiency (DE). Deposition efficiency is defined as:

DE = ass of particles deposited on a substrate

mass of particles fed to the nozzle

The deposition efficiency of any actual cold spray process is not satisfactory

(normally less than 50%). This is because the velocities of many particles upon impact on

a substrate are less than the critical velocity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Critical Velocity

It was found that the particle velocity upon impact on a substrate has to exceed a
critical value for successful deposition of the particles in the cold spray process. Critical
velocity varies according to some factors, such as particle material, substrate material,
and particle temperature.

As shown in Figure 1-4, the critical velocity for copper particle is about 500 m/s.
The velocity of the particles must be greater than 500 m/s for copper particles to get a
chance to be deposited on the substrate. When the particle velocity exceeds the critical
velocity, further increasing the particle velocity will improve the coating deposition
efficiency and quality. It can be concluded that the deposition efficiency has more or less
a linear relationship with the particle velocity upon impact.

According to the research of Li et al. [6], the tangential velocity of a particle upon
impact on a substrate has a negligible influence on deposition. The particle velocity in
Figure 1-4 should be the normal particle velocity upon impact on the substrate. In our
research, the mean normal velocities of 1000 particles are calculated. The mean normal
velocity is used to evaluate the level of deposition efficiency. The method to calculate the

normal velocity upon impact will be described in the second chapter of this thesis.

10
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Copper Particle on Stainless Steel Substrate

100
o\ch 80 =
Y
5o -
Q
G
g 40 -
A 20 =
0 L)
400 500 600 700 800 900
Particle velocity (m/s)

Figure 1-4 Relationship between particle velocity and deposition efficiency (from [7])

1.3.2. Numerical Challenge

As a two-phase compressible turbulence flow, the gas flow in a cold spray process
is a challenging problem to be simulated with a simple model. The model should be
capable of estimating the properties of the gas flow, such as the gas temperature, pressure,
and velocity by solving the Navier-Stocks equations, and predicting the properties of the
particles, such as the particle temperature and velocity by evaluating particle-gas and
particle-particle interactions. However, this ideal model would exceed -current
computational capabilities. Therefore, two approximate models are used in the present
work, one is the Lagrangian Model [8 and 9], and the other is the Eulerian Model [10 and
11].

The nature of fluid-particle flow, dilute or dense [12], determines which model

should be used for a specific cold spray flow. The particle-particle interactions can be

11
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neglected in a dilute particle flow. The Lagrangian approach is appropriate for simulating
dilute particle flows. However, in a dense flow these interactions can significantly affect
the gas phase and the particle velocity. In this case the Eulerian approach can capture
most of the physics governing the two-phase flow. The flow regime for any specific case
can be determined by evaluating the scaling parameters, such as Stokes number, loading

and volume fraction, which are described below:

Stokes Number
The Stokes number is the ratio of particle response time 7z to a time characteristic
of the fluid motion 7z [13].

T _ ppd’U
7, 18ul

St = (1.1)

where U, L, and u are the characteristic fluid velocity, a length scale, and fluid viscosity,
while, p, and d, are the particle density and diameter.

When the Stokes number of the particles is small (St<<1), particles will move with
the gas turbulent motion of gas phase (i.c. dilute flow). On the contrary, when the Stokes
number of the particles is large (St>>1), there is a velocity difference between the
particles and the gas phase. In this case the particles motion will augment the turbulence
of the gas phase. Further more, the particle-particle collision will be too significant to be

neglected. Consequently, the flow should be treated as a dense flow.

Loading

Loading and volume fraction are important scaling parameters to evaluate the effect
of the dense flow in the two-phase flow problems. Loading is the ratio of the mass flows

of the dispersed phase to that of the continuous phase.

12
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mass flow of the dispersed phase
mass flow of the continous phase

Loading =

Volume Fraction

As presented in equation (1.2), the volume fraction@ is the ratio of the volume of
the particles occupied in a control volume to the volume of the control volume (Figure 1-

5).

@—zn (1.2)

The gas-particle flow regimes can be identified based on the Stokes number and the

Figure 1-5 Particle volume fraction

volume fraction as shown in Figure 1-6 [14]. When particle volume fraction is less than
10, the effect of particle motion on the gas turbulence can be neglected. When particle
volume fraction is between 10 and 107, the particles motion can either augment gas

turbulence or decrease it, depending on the Stokes number. When the particle volume
fraction is greater than 107, particle-particle interactions and collisions are significant. In

this case, the particle-gas flow should be considered as a dense flow.

13
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In this thesis the Lagrangian approach [8], [9] and the Eulerian approach [10], [11]
were used to analyze the cold spray process. Both models have their strengths and short
comings. The Lagrangian model treats the particles as discrete entities. Since the
Lagrangian model neglects the particle-particle collisions in the two-phase flow, it can be
used to simulate the dilute particle flow, in which the surface and body forces are the
dominant forces on the particles. The Eulerian Model treats the particles as a continuum
phase. Since the Eulerian model is capable of predicting the particle-particle interactions
and collisions, it can be used to estimate the dense particle flow, in which the particle-

particle interactions are significant.

StNo. ¢
Particles
10> enhance Particle-particle fluid
turbulence
0 Negligible
10 effect on
turbulence Particles
102 decay
turbulence
.4 a
10 o 10° 107 > G
ne-way Two-way Particle volume fraction
coupling coupling
Dense
Dilute suspension suspension

Figure 1-6

Proposed map for modulation of fluid-particle flows (from [14])

In the past few years, more and more efforts have been made by using the above

mentioned approaches to face the technical and numerical challenges of cold spray

technology.

14
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1.4. Previous Studies

The studies in the early stages of the development of cold spray process included
the jet gas dynamics, physics of plastic deformation during splat-to-substrate impact,
spray nozzle configurations, range of coating materials, and properties of the coated

materials.

Papyrin et al.[3] designed the first cold spray system using a de Laval nozzle, a gas
heater, a high pressure gas supply, a metering powder feeder , and a powder particle flow
controller. A patent was issued in the United States in 1994 titled as “Gas-dynamic
spraying method for applying a coating”. Experiments were conducted in his study with
various particles, such as aluminum, zinc, tin, copper, nickel, titanium, iron, vanadium,
cobalt, and metal alloys, and with various carrier gases, such as air, nitrogen, helium, and
gas mixture. The deposition efficiency was measured for various air temperature,
pressure, and particle velocity. The range of nozzle dimension, gas temperature and
pressure, gas flow rate, powder flow rate and particle size were suggested in the patent. A
balance between particle size, density, temperature, and velocity was found important to

achieve the desired coating.

Experiments and simulations were conducted by Stoltenhoff et al. [15] in order to
investigate the effects of process parameters, such as gas pressure and temperature at the
nozzle inlet, on the deposition efficiency. The relationship between velocity of the
coating particles at the nozzle exit and the gas temperature or the gas pressure at the
nozzle inlet was demonstrated. However, the particle normal velocity upon impacting on

a substrate was not addressed.

15
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The sensitivity of a cold spray process to Mach number was explored by Jodoin
[16]. It was found that the flow Mach number in a cold spray process should not exceed 3
because of the strong shock-particle interactions. On the other hand, the Mach number
should not be lower than 1.5 to avoid the negative effect of high temperature on the

substrate.

In order to improve the deposition efficiency of the cold spray process, recently
many research has been conducted focusing on the effect of particles size, impact
velocity, aerosol physics, substrate geometry, substrate stand-off distance and particle-

shock interactions [14].

An optimal design of a cold spray nozzle for internal coatings was achieved by Li et
al. [17] by studying the effect of the nozzle expansion ratio, particle size, carrier gas type,
operating pressure and temperature on the behavior of spray particles. A group of nozzles
with various exit diameters, ranging from 2 to 8 mm, were used in the simulation. A
nozzle with an exit diameter of 5 mm was found to be the optimal one to achieve the
highest particle velocity. It was also found that when the gas temperature and pressure
were increased, a higher particle velocity was obtained. Particles velocity could be further
increased if helium is used as the carrier gas. The effect of particle size was also studied
in this paper. Small particles, especially those particles less then 20 um, were confirmed
appropriate to be used in the limited space. However, the exact optimum particle size was

not addressed in this work.

Several cold spray variables were investigated in the study of Han et al. [18]

through 3-D computational modeling and experiments. The shape of the nozzle exit used

16
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in this research was rectangular. The deposition efficiency was found improved when the
inlet gas temperature and pressure were increased. It was also found that the buildup of
particles inside the nozzle could significantly affect coating formation because the
particle velocity was reduced. Nozzles with larger throat area were suggested to be used
for coating hard alloy powder or for a large powder feed rate. It was observed that high
powder carrier gas flow rate results in low deposition efficiency because the temperature
of the carrier gas was lower than that of the heated main gas flow. The effect of the stand-
off distance on deposition efficiency was demonstrated. The highest deposition efficiency
in this study was reported as about 40% when the substrate stand-off distance was 10 mm.
However, it was not shown how the deposition efficiency would change if the stand-off

distance is further reduced in the experiment.

Dolatabadi et al. [10, 19, 20, 21, and 22] addressed the physics of high speed
particle-laden flow in HVOF and cold spray processes. Two numerical models, the
Lagrangian approach [8 and 9] and the Fulerian-Eulerian approach [10 and 11] were used
to model the HVOF spray process and cold spray process. In the studying of the HVOF
process, the effect of mesh size to the simulation result and the effect of diamond shock
to the particle velocity were analyzed [10] [21]. A shroud was designed to be attached to
the outlet of the supersonic nozzle, which can significantly reduce the particle oxidation
in the thermal spray processes. His work shed light on the direction of further study of

cold spray process.

According to the above mentioned studies, improving the deposition efficiency of

cold spray processes requires an increase in the particle velocity. This in turn, is

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



influenced by various factors, such as the design of the nozzle, the stagnation pressure
and temperature of the gas, the particle and gas material, the particle size, the substrate
location, and the substrate geometry. Experiments have been conducted to study the
effect of the particle size and spray angle [6]. However, the effects of the substrate shape

and the resultant bow shock near the substrate have not been fully understood.

1.5. Objectives

Since the factors which affect the deposition efficiency and coating quality are very
important for utilizing the cold spray technology by industry, the objective of this
research is to find out a numerical model to further understand the process and to analyze
the effects of key parameters. This numerical model should be capable of working as a
design tool to simulate the cold spray process in order to improve deposition efficiency

and coating quality in the cold spray process.
The objectives of this research are:

e Study the effect of shock diamonds and the bow shock on particle impact

velocity
o Estimate the optimum substrate location for a specific operating condition
e Predict the optimum particle size for a given operating condition

e Analyze the effect of substrate geometry on the normal particle velocity upon

impact

e Study the effect of dense particle flow on the gas phase

18
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¢ Study the effect of dense particle flow on particle velocity

¢ Study the effect of particle density in a dense particle flow

1.6. Thesis Organization

The organization of the thesis is as follows: Chapter 1 introduces some typical
thermal spray processes and the previous studies on cold spray. Moreover, the technical
and numerical challenges in the research of cold spray and the objectives of this thesis are
presented. In Chapter 2, the Lagrangian method is used to analyze the gas phase and
particles conditions in the cold spray process. The effect of the bow shock is analyzed
with two different drag coefficient models. Furthermore, the optimum substrate location
and particle size are presented. Comparisons of the normal particle velocity are made for
two different carrier gases (helium and nitrogen). Finally, the effect of the substrate
geometry is analyzed. Chapter 3 describes the methodology and the results of the
Eulerian approach. The effect of particle volume fraction on the gas flow and the particle
velocity is presented. The effects of the bow shock and particle density in the dense
particle flow are also demonstrated. Finally, conclusions are summarized and future

works are recommended in chapter 4.
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2. Lagrangian Approach

In this chapter, the Lagrangian approach [8 and 9] is used to analyze the effect of
shocks, substrate and particle size on the mean particle velocity upon impact in the cold
spray process. The gas phase is solved in the Eulerian frame, while the particles are
treated as discrete entities and solved by the Lagrangian particle tracking approach.
Based on the predetermined properties of the surrounding gas phase, the particle mass,
velocity and temperature are calculated simultaneously. The interaction between the
particulate phase and the continuous phase is considered by using a two-way coupling

model. The particle volume fraction is neglected.

2.1. Governing Equations
2.1.1. Continuous Phase

The flow of cold spray is viscous, compressible, and turbulent. The governing
equations include the equations of continuity, momentum, and energy. Ideal gas state

equation is also used to close the system of equations.
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Continuity equation
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where p . =p+p ,H=h+ %(u,.u,.)+ k,Aand k are the effective viscosity, the total

enthalpy, the thermal conductivity, and the turbulent kinetic energy, respectively. The
source terms, S, in the momentum and the energy equations provide a two-phase coupling

between the gas phase and the particles.
Yiscous Model

The Reynolds stress model is used in this work as the viscous model [23], [24]. The
Reynolds stress transport equations can be derived by multiplying the exact momentum

equations with a fluctuating property. The product then has to be Reynolds-averaged.
21
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The variables in Reynolds averaging can be decomposed into two parts, the

emsemble-averaged mean and the fluctuating components.
where # presents the time-averaged mean of a variable, such as velocity, pressure, energy,

or species concentration. ¢" denotes the fluctuating components of the variable. The
ensemble-averaged momentum equations are yielded by substituting the Reynolds-
averaged variables into the instantaneous continuity and momentum equations, and can be

written in Cartesian tensor form as the follows:

0 0 op 0 ou Ou, ) 2 ou
—(pu, )+ ——\pu u, )]=—"—+8, +— — L\ -Zpu, L5, 2.
at(/m,) ) (ou,u,) o S e ﬂeﬂ(axj ax,] 3o O (2.6)
B a ’ ]
where 5, —‘5;].‘ —PU U, 2.7)

14

The Reynolds stresses, — pu; u, in Equation (2.7) represent the effects of turbulence.

These stresses are modeled in order to close the Reynolds-averaged momentum equation

[23].

2.1.2. Dispersed Phase

The Lagrangian particle-tracking approach is used to simulate the motion of the

particles. Some assumptions are made to simplify the calculation. For example, the
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particles are assumed to be solid, spherical, and inert. The volume fraction of the particles
is neglected.

The equation used to calculate the velocity and the position of the particles is [25]:

+F 2.8)

where m, is the mass of particle, U , and U . are the instantaneous particle and gas

velocities, respectively. p, is the density of the gas. A4, is the cross-sectional area of the

particle and F denotes external forces such as gravity. Particle velocity can be obtained
by integrating equation (2.8) for one time step. The particle position can be derived by
further integrating this equation over the time step.

The particle drag coefficient, Cp, is an important factor in equation (2.8) which
significantly influences the accuracy of the computational simulation of the coating

particles’ motion. Cp is found to be either a function of the particle Reynolds number

(C,= f(Rep) ), such as the correlation of Igra and Takayama [26], or a function of both the
particle Reynolds number and the Mach number ( C, =f (Map,Rep) ), such as the

correlation of Henderson [27]. The particle Reynolds number, Rep, and Mach number,

May, are defined by equations (2.9) and (2.10).

U,-U|D
Repngl g# ”' ? (2.9)
4
Ma _. -] (2.10)
! kRT,
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In this thesis, the interaction between the particles and the gas phase was studied by
using both the correlation of Igra and Takayama [26] and the correlation of Henderson

[27].

Igra and Takayama Correlation

The correlation of Igra and Takayama [26] presented in equation (2.11) covers a

range of Reynolds number from 200 to 101,000.
logC,, =7.8231-5.8137logRe,+1.412QlogRe, )’ —0.1146(logRe,)*  (2.11)

Henderson Correlation

(

-1
3.65-1.53T, /T Re
24| Re ,+(/2)"* Ma {4.33+ 2 |exp| —0.247(2/y)"* —L
? ? 1+0.3537, /T Ma

P

0.5Ma, Y 4.5+0.38(0.03Re,, +0.48Re, ") ) .
+exp| — £ £ F—+0.1Ma,” +0.2Ma,,” |+

Re'? 1+0.03Re ,+0.48Re "
0.6(7/2)1/2Ma{1—exp(— ;/Iap H for Ma,<=1
el’
o) (2.12)
=
1/2 1/2
M 2T
09+ 234 +1.86( a"] 24— 41058 (—‘i] S for
Map Rel’ 7Map Ma, \ T /4 Map Ma,>=1.75
1+1.86(Ma, /Re, )"
C,(1.0.Re, )+ (4/3)Ma, ~1)C,(1.75,Re, )~ C, (1.0,Re, ) for 1<May< 1.75

Henderson correlation [27] covers all flow regimes, from subsonic flow to
supersonic flow. Given by equation (2.12), Henderson correlation includes three parts

according to the particle Mach number Ma,,
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Each correlation has its strong points and limitations in the simulation of the
particle motion in the cold spray process. The discrepancy between these two correlations

are compared and demonstrated in the results and conclusion section.

User defined functions (UDF) are written with C language in order to take into
account the effect of the particle drag coefficient. The drag force between particles and

fluid is defined by the following equation:

_18u C,Re 2.13
P p,D: 24 2.13)

where p, is the particle density, D, denotes the particle diameter. The particle drag
coefficient, Cp, is substituted by the correlations of Igra and Takayama [26] and
Henderson [27], respectively. The drag force, Fp, calculated by equation (2.13) is
returned to the solver of the discrete phase model in Fluent. After compiling, these UDFs
are hooked to the Fluent codes. Consequently, the particle velocity is calculated based on
the new drag correlations defined by the UDF file. The results are presented in the results

and conclusions section.

Particle Temperature

The temperature distribution inside each particle is assumed uniform (lumped
capacitance system). To simplify the calculation of particle temperature, the radiative
heat transfer is neglected. The particle temperature can be obtained by integrating the

energy equation as follows:

dT,
m,C,—L = A,h (T, ~T,) 2.14)
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where C, is the specific heat of the particle, and 4. is the convective heat transfer

coefficient. The convective heat transfer coefficient, A, can be expressed as follows:

p = Nut (2.15)
dp
The Nusselt number is given by equation (2.16):
Nu=20+06Pr’” Re*’ (2.16)

where Pr is the Prandtl number and Re is the Reynolds number.

2.2, Numerical Techniques

In this work Fluent (Version 6.2.16), a commercial computational fluid dynamics
(CFD) software, is used to solve governing equations mentioned above, for not only the
gas phase but also the dispersed phase in the cold spray process. The variables of the gas
flow, such as the velocity, temperature, and pressure, are calculated by Fluent with a
finite volume method. The computational domain is divided into multi-blocks and a
number of quadrilateral control volumes. All the variables are solved in the center of the
control volume (cell-centered arrangement). The Reynolds stress turbulence model is

selected to simulate the supersonic turbulent flow.

Particles are tracked by using a two-way coupling model between the gas and
particle phase. The particle velocity in a two dimension (2-D) problem has two
components. One is axial-velocity, which is in the same direction of jet centreline; the
other one is lateral-velocity, which is perpendicular to axial-velocity. However, the
direction of the normal particle velocity upon impact may be different from that of either

axial-velocity or lateral-velocity, especially for concave and convex substrate.
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In order to consider the effect of particle dispersion and substrate shape,

particle normal velocity upon impacting on the substrate is calculated based on the

particle axial-velocity and lateral-velocity as well as the substrate curvature.

Normal Velocity

Figure 2-1 shows particle normal velocity upon impact on a concave substrate. The

normal velocity on a concave substrate can be obtained from equation (2.17).

Unormal = Uparticle X Co‘s(el - 02) (2 1 7)

where 0; is angle of the normal vector, 8, is the angle of the particle velocity, and 8, - 8,

is the angle between the particle velocity and the normal vector.

J
........ ; Uparticle

U particle

| . .
! Landing Point \
§ g X Unormal
!
Concave Substrate
Figure 2-1 Particle normal velocity upon impact on a concave substrate

27

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The normal velocity of the particle upon impact on a convex substrate can be

obtained as follows (Figure 2-2).

Uvomat = U sarsete % Cos(6), +6,) (2.18)

normal particle

where 8; + 6, presents the angle between the particle velocity and the normal vector for a

convex substrate.

U normal

Landing Positi_qn__ ,,,,,,,,,,

!
|
|
!

U particle

U particle

Convex Substraté ...

Figure 2-2 Particle normal velocity upon impact on a convex substrate

The angle of the normal vector, 8;, and the angle of the particle velocity, 6., for

both concave and convex substrate can be calculated by equations (2.19) and (2.20).

6, =arc tg{%) (2.19)

u
6, =arc tg(—yJ (2.20)
U

X

where u, is the particle lateral-velocity and u, denotes particle axial-velocity.
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2.2.1. Nozzle Geometry

Figure 2-3 shows the axisymmetric nozzle geometry and dimensions. Its shape is
similar to the patented nozzle of Papyrin et al. [3]. The cross-section of the nozzle is
circular.

!

80

\ Nozzle Centreline

110

Figure 2-3 Nozzle geometry and dimensions

Normally, the nozzle used in the cold spray has a diverging section which is much
longer than the converging section (Figure 2-3). This long diverging section can facilitate
the particles to be accelerated more sufficiently inside the nozzle. However, the friction
effects will increase in a longer nozzle. The proper design of a nozzle has to take both

factors into consideration.

The throat areas of the nozzles used in a cold spray process are normally small in
order to decrease the flow rate of the feeding gas. A large nozzle is not economical,

especially in the case of using the expensive carrier gases, such as helium and nitrogen.
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The nozzle geometry can greatly influence the gas and particle velocity in a cold
spray process. As the area ratio of the nozzle exit to the nozzle throat is fixed, the
maximum Mach number that can be achieved with a specific gas is also determined. The
area ratio of the nozzle exit to the nozzle throat in this thesis is 6.76. The Mach number at
the exit of this nozzle for an isentropic flow can reach up to 4.3 and 3.5 for helium and air,

respectively.

2.2.2 Discretization

To accurately simulate the shock and expansion waves in the cold spray process,
the mesh size should be fine enough. A cell size independence test is conducted to obtain
the optimum mesh size. It is found when the quadrilateral mesh size for the above
geometry is less than 0.2 x 0.2 mm, the computational error due to the mesh size is less
than one percent. Further decreasing the cell size did not significantly improve the
accuracy, but would dramatically increase the computational time. The nozzle is divided
into three blocks. There are 17 vertical nodes and 551 axial nodes inside the nozzle. The
total number of the nodes in the nozzle is 9365. The computational domain outside the
nozzle is composed of 154 vertical nodes and 151 axial nodes. The computed cells
located between the nozzle exit and the substrate is 23254 when the substrate stand-off

distance is 30 mm.
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2.2.3 Boundary Conditions

The boundary conditions applied to simulate the gas and particle flow in the cold
spray process is shown in Figure 2-4. The particles are propelled by the gas flow and
injected to the nozzle near the nozzle centreline. Particle velocity at the nozzle inlet is
kept at a constant value, 83 m/s. The compressed gas is introduced into the nozzle from
the outside of the particle inlet. The gas pressure and temperature at the nozzle inlet are
kept at 23 atm and 500 K, respectively. The gas flow rate is 5 g/s. The nozzle wall is non-
slipping, which means that the gas velocity near the nozzle wall is zero. The substrate is
also treated as a wall. Far field boundary conditions at atmosphere pressure and
temperature (1 atm, 300K) are considered for the open areas.

Since the nozzle is axisymmetric, only half of the nozzle is needed to be modeled.

Axisymmetric Boundary i) Substrat
ubstrate

Figure 2-4 Boundary conditions
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2.2.4 Carrier Gas Material and Particle Size Distribution

Carrier Gas Material

Carrier gases commonly used in cold spray processes include helium, air , and
nitrogen. The criterion to choose a proper carrier gas depends on the coating material, the
gas properties, and the nozzle geometry. A proper carrier gas can assure that a

satisfactory particle velocity upon impact can be achieved at a reasonable cost.

Technically speaking, helium is the best carrier gas for a cold spray system. Helium
is a noble gas and does not react with most metals at atmospheric condition. It can
prevent the spray materials from oxidation during the coating process. Moreover, a higher
particle velocity can be achieved when helium is used as the carrier gas. However, using

helium makes the cold spray process extremely expensive.

Nitrogen is a general purpose gas used in the cold spray process. It is inert to most
spray material while much cheaper than helium. When expanding in a nozzle, the

nitrogen velocity is about one third of that of helium under the same condition.

As the cheapest feeding gas, air is also widely used in the cold spray process. The
physical properties of the air are very close to those of nitrogen as the main content in the
air is N, and O,. The particle velocity when using air as the carrier gas is close to that of
the case using nitrogen. However, air cannot be used for coating materials which can be

easily oxidized, such as aluminum, copper, and some alloys.
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Table 2-1 shows the physical properties of the three commonly used carrier gases at

25°C. The range of particle velocity in the cold spray process is compared for each case.

Gas Molecular | Gas Y Sound Sound Particle
Mass Constant Speed at Speed at Velocity
(J/Kg.K) 298K (m/s) | 773K (m/s) | Range (m/s)
Helium | 4.003 2077 1.67 1016.7 1637.4 1000-1200
Nitrogen | 28.014 296.8 1.4 351.9 565.6 300-600
Air 28.967 287 1.4 346 557.3 300-600
Table 2-1 Properties of helium, nitrogen, and air

The equation of sound speed is:

a=,/yRT, 2.21)

where y is C,/C,, R the gas constant and T, the gas temperature.

Obviously, the sound speed of helium is much larger than that of air and nitrogen
under the same operating condition because of its larger gas constant R and 7.
Consequently, for the same Mach numbers, velocity of helium is much larger than that of
air and nitrogen. This explains why helium is used to achieve high deposition efficiency
for materials, such as ceramic and some refractory metals, which are extremely difficult
to be coated by using air and nitrogen.

A commercial cold spray process has to meet a proper balance between the coating
quality, deposition efficiency, and the overall cost. Therefore, the mixture of gases, such
as air with helium or nitrogen with helium, can be used as feeding gas to achieve a

satisfactory particle velocity.
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Particle Size Distribution

The particles used in an actual cold spray process are normally a mixture of
particles of various sizes. The percentage of each particle size, or the particle size
distribution, can be obtained experimentally by using an electron microscope.

In order to simplify the calculations in our simulation, the particles of uniform size
are used each time in the simulation. The simulation was repeated with uniform particles

of other sizes in order to investigate the effect of particle size.

2.3. Results and Discussions

2.3.1. Gas Phase

The Mach number contours of the gas phase in a free jet are shown in Figure 2-
5. Helium as the carrier gas is introduced to the de Laval nozzle. The gas flow is
accelerated in the converging part of the nozzle until the Mach number reaches
approximately 1 at the nozzle throat. Then, the gas develops into a supersonic flow at the
diverging section of the nozzle. The Mach number of the gas flow at the nozzle exit is
about 3.5. Starting from the nozzle exit, a series of shock diamonds and expansion waves

are formed along the free jet. About eight shock diamonds can be identified in the free
jet. Further downstream of the gas flow, the shock diamonds are dissipated and gradually

die out because of the viscous effects of the turbulent flow.
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Figure 2-5  Mach number contours of a free gas jet

Physics of Shock Diamonds

The physics of shock diamonds can be explained as follows:

For an over-expanded nozzle, the exit pressure at the exit plane of the nozzle is less
than the atmosphere pressure. Supposing the stagnation pressure and temperature in the
chamber of nozzle remain constant, the flow will adjust to the back pressure in the form
of compression waves or expansion waves outside the nozzle, rather than inside the
nozzle. As shown in Figure 2-6, an oblique shock wave occurs at the exit plane (A) of the
nozzle to increase the pressure. The gas is compressed when passing through the oblique
shock. The gas pressure increases and the gas direction is towards to the centerline (2).
Since the central streamline works as a wall plane, the gas cannot pass through it, neither
the oblique shock. Therefore, reflected oblique shocks are formed and reflected outward
(B). This reflected shock wave now turn the gas passing through it back to parallel (3) to
the centreline. However, the pressure of the exhaust gas now increases further to be

above the ambient pressure.
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Figure 2-6 Physics of shock diamonds

At this time the reflected oblique shock wave reaches the boundary where the
exhaust gas meets the free stream line with the same pressure inside and outside the
boundary. The boundary is termed the contact discontinuity. Since the pressure of the
exhaust gas is greater than the ambient air pressure, the reflected oblique shock now turns
back to the centreline from the boundary (C) in the form of Prandtl-Meyer expansion
Mach wave(C). When the gas passes through the expansion fan, its pressure is decreased
and the gas direction now turns outward of the centerline (4). To make the gas flow
straightforward, when the Prandtl-Meyer expansion waves hits the centre plane, it is

reflected to the contact discontinuity (D). The reflected expansion wave reduces the

exhaust gas pressure passing through and straightens the gas to be parallel to the

centreline.
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At this time the gas pressure is below the ambient air pressure. To increase the
pressure, Prandtl-Meyer compression waves (E) yield when the expansion waves reflect
from the contact discontinuity. When the exhaust gas passes through the compression
wave, the gas pressure is increased to the ambient pressure. On the other hand, the gas
direction is back towards the centreline (6). The further reflected compression waves turn
the flow parallel to the nozzle centerline and increase the gas pressure above ambient(7).
Now the situation is similar to that of (B) when it went through the reflected shock wave
with high pressure and straightforward direction (3). The shape of this interaction by the
expansion and compression waves looks like a diamond. The gas will continue to expand
and compress in the same way until the pressure is equal to the ambient pressure and the
flow is parallel to the nozzle centreline. These repeated cycles produce a diamond shape

chain that dies out by viscous effect from the ambient air along the jet boundary.

The gas Mach number contours near the flat, concave, and convex substrates are
also shown in Figure 2-7 in which all the substrates are located at 20 mm from the nozzle
exit. Two shock diamonds are formed between the nozzle exit and the substrate.
Compared to that observed in a free gas jet, the number of shock diamonds is decreased
because of the presence of the substrate. A strong bow shock is formed near each
substrate (flat, concave, and convex substrate) when the supersonic flow impinges on the
substrates. Finally, the gas flow turns to different directions according to the curvature of
the substrate. Clearly, the motion of the particles will be dramatically affected by the gas

flows near the flat, concave, and convex substrates.
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2.3.2. Particle Phase

2.3.2.1 Effect of Shock Diamond and Bow Shock

The effect of the shock diamonds and the bow shock on the particle velocity is
shown in Figure 2-8. This demonstrates how the particle velocity changes along the jet
after it passes through the shock diamonds and the bow shock. Starting from the nozzle
exit to the substrate, the velocities of one thousand copper particles (particle size: 20 um)
are calculated using two different drag coefficient correlations; Igra and Takayama [26]
as well as Henderson [27]. As it is demonstrated in Figure 2-8, at the nozzle exit, the
axial particle velocity for both correlations is close to each other (about 1800 m/s). The
mean particle axial velocity using the two models decreases gradually between the nozzle
exit and the bow shock. This is because the kinetic energy of the gas flow also dissipates
gradually in the turbulent flow after it passes through the shock diamonds. A sharp
reduction in the particle velocity is observed in the area near the flat substrate where a
strong bow shock is formed. After entering the bow shock, the mean particle velocity
calculated by Henderson’s correlation decreases from 1600 to 349 m/s, while the mean
particle velocity calculated by Igra and Takayama’s model changes from 1600 to 492

nm/s.

Particle normal velocity decreases noticeably near the substrate, not only because of the
bow shock, but also because of the existence of a stagnation core area between the bow
shock and the substrate. The shape of the bow shock and the stagnation area can be
clearly identified in Figure 2-9, where the stand-off distance of the substrate is 10 mm. It

can be seen that in the area that the bow shock is formed, the trajectories of 1 um copper
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Figure 2-8 Effect of shock diamonds and bow shock on mean particle velocity
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(a) Mach number contours, (b) particle trajectories
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particles are deflected and the particles go away from the centreline. The high pressure in
the stagnation area also turns the particles away from the axial direction. Combination of

the two effects dramatically decreases the magnitude of the normal velocity.

In this thesis Henderson’s correlation is utilized to predict the optimum substrate
location (i.e. optimum stand-off distance), while Igra and Takayama’s correlation is

employed to estimate the optimum particle size and the effect of the substrate geometry.

2.3.2.2 Effect of Substrate Location

The effect of substrate location is analyzed by calculating the mean particle normal
velocity upon impact for various stand-off distances ranging from 5 to 50 mm. As shown
in Figure 2-10, when the substrate is located at 5 mm from the nozzle exit, the calculated
mean particle velocity is about 240 m/s which is rather low. This is because of the
formation of a strong bow shock when the substrate is located very close to the nozzle
exit. This strong bow shock results in negative effect on the mean normal velocities of the
particles. On the other hand, when the stand-off distance is 50 mm, the calculated mean
normal velocity is about 280 m/s which is also relatively small. This is due to the result of
strong decay in kinetic energy of both gas and particles in the viscous turbulent flow. The
optimum substrate location is observed at a stand-off distance of 11 mm, where the bow

shock is not so strong and the kinetic energy of the particles is relatively high.
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There are three other local maximum velocities at stand-off distances of 18, 25, and
40 mm. These local maxima are caused by the totalized effects of the bow shock, the
dissipation and the shock diamonds which alternates for the different stand-off distances.
As the substrate stand-off distance is increased from 5 to 50 mm, the strength of the bow
shock near the substrate would decrease accordingly, resulting in lower negative effect on
the particle velocity. However, the kinetic energies of both the gas and particle phase
dissipate more if the stand-off distance is increased, which may have a higher negative
effect on the particle velocity. At the same time, more shock diamonds are generated
between the nozzle exit and the substrate if the substrate is located further away from the
nozzle exit. As shown in Figure 2-11, only one shock diamond is formed when the
substrate stand-off distance is 10 mm. As the stand-off distance is increased to 30 mm, up
to four shock diamonds are generated between the nozzle exit and the substrate. The
particle velocity is found increasing in the shock areas, while decreasing in the subsonic
areas locating between the shocks. The interaction between bow shock and shock
diamonds, as well as the total amount of energy dissipation result in those maxima values

at stand-off distances of 18, 25, and 40 mm.
2.3.2.3. Effect of Particle Size

Size of a particle can significantly affect its velocity upon impacting on a substrate
in a cold spray process. The goal in this section is to determine the optimum particle size
which results in the largest mean particle normal velocity upon impact. This will allows
us to improve the coating deposition efficiency and quality. The correlation of Igra and

Takayama [26] is used as the drag law. Helium and nitrogen are used separately as the
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carrier gas in order to compare the mean particle normal Velocity*. In both cases, when
using small copper particles, for example, particles with a size of 10 um or less as shown
in Figure 2-12 (a), the mean normal velocity upon impact is low because the dispersion
effect of the small particles is very strong. This negatively alters the direction of the
particle velocity and causes an off-normal impact at the landing point. Particle deviation
from the centreline (or dispersion effect) will be reduced for larger particles. For instance,
the trajectories and velocity distribution of 45 um particles are illustrated in Figure 2-12
(b). It is clear that particles with sizes larger than 45 um remain close to the centerline
and are less affected by the local variations of the flow field. On the other hand, large
particles are difficult to be accelerated to high velocities due to their high Stokes number,
which is the ratio of the particle momentum response time to the time characteristic of the

fluid flow.

In order to find the optimum particle size for the given operating conditions,
particles with sizes 10, 15, 20, 25, 30, 35, 40, and 45 um are injected to the nozzle and
mean particle normal velocity upon impact are numerically calculated (Figure 2-13).
Interestingly, for both cases using helium and nitrogen as the carrier gas the optimum
particle size is found to be about 35 um. In Figure 2-13 it can also be observed that when
using nitrogen (or air) as the carrier gas, the mean particle normal velocity upon impact is
lower than that of the case using helium. For practical applications, to obtain a
satisfactory normal velocity, a mixture gases of nitrogen and helium, can be used to

regulate the particle velocity.

" It is important to mention that similar numerical simulations have been carried out using air as the carrier
gas and the results were very similar to that of the case using nitrogen.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Particle
Velocity (m/s)

2250
2080 (@)

1900
1730 10 pm particles
Nozzle Exit

1560
1390

o In =

1210 Substrate
1040

870

690 (b)

520

350

170

740 Nozzle Exit 45 pm particles

Substrate

Figure 2-12 Trajectories and velocity distribution of (a) 10 pm and (b) 45 pm copper particles

= 1800 7
E 1009

& 1400 4 )

g

g 12009
=3 4o L o
2 1000

2 gD e o

>

§ 4004 ~~ \\‘
[P]

g- 0 -+ T T T T T T =
é 10 15 20 25 30 35 40 45

Particle size (um)

Figure 2-13 Optimum particle size

45

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3.2.4. Effect of Substrate Geometry

Substrate geometry has a complex effect on the overall flow field and particle
deposition because it alters not only the normal direction of the particle landing points,
but also the gas flow and the particle velocity. As an example, Figure 2-14 shows
trajectories and velocity distribution of 20 pum particles near three different substrates;
flat, concave, and convex. The normal particle velocity upon impact would be
significantly affected by the substrate curvature as well as the bow shock formed on the
substrate. Combination of the two effects results in completely different particle
trajectories and velocity distribution for the three substrate geometries.

The effect of the substrate geometry on the mean normal velocity also depends on
the particle size. As it is demonstrated in Figure 2-15 for particles with a size of 25 um,
the mean normal velocity upon impact on the convex substrate is 978 m/s, which is 20%
more that that of the cases with flat and concave substrates. This is due to the weaker bow
shock associated with a convex substrate as it compares with the flat and concave cases.
However, for particles larger than 35 mm, the calculated mean normal velocities upon
impact on the flat, concave, and convex substrates are close to each other because large
particles are less sensitive to the bow shock. It is also shown that the deposition of small
particles on a concave substrate turns to be the most challenging task because of the
strong bow shock and the backward gas flow near the concave substrate. Most of the

small particles escape from a concave substrate without deposition.
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Figure 2-15 Effect of substrate geometry on mean particle velocity upon impact

2.4. Experimental Validation

The results and conclusions mentioned above are based on the calculation of
particle normal velocity upon impact. These results have not been validated because the
normal velocity of the particle upon impact is very difficult to be measured
experimentally. One reason is that particle motions are very irregular near the substrate.
In a specific small measuring volume near the substrate, particles can be moving forward
or be bouncing back from the substrate, or deviating from the jet centreline because of the
bow shock and the gas turbulence. Another reason is that the velocity sensors, such as a
Laser Doppler Velocity (LDV) or an in-flight particle diagnostic system (DPV-2000),

cannot measure the particle velocity upon impact because of the existence of the substrate.
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As a result, the particle velocity measured in a free jet is usually used to validate the

simulation results.

/Eaissivity ¥ ,
z

particle

Slits in lens

7

Figure 2-16 DPYV 2000 sensor head and particle detection mechanism

In this thesis, some joint works have been conducted through collaboration with
National Research Council Canada (NRC-IMI, Boucherville, Quebec) in order to verify
the accuracy of the simulation results. Experiments were conducted at NRC-IMI with a
Supersonic Spray Technology (SST) cold spray system from Centerline Limited
(Windsor, Ontario). Particle velocity is measured in the experiment of NRC-IMI by a
DPV-2000 [28] system from Tecnar Inc (St. Bruno, Quebec). DPV-2000 is an in flight
particle sensor for thermal spraying systems (Figure 2-16). As a high speed, high
precision two colour optical sensing device, DPV-2000 can monitor on-line the particle
velocity, temperature and size. Finally, the experimental results obtained from DPV-2000

were compared with the simulation results. The simulation was carried out with the same
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nozzle geometry as that used in the experiments conducted at NRC-IMI. The dimensions
of the nozzle are shown in Figure 2-17. The cross-section of the nozzle is circular. The
radius of nozzle inlet, throat, and exit are 4, 2, and 3 mm, respectively. The length of
nozzle diverging section is 97 mm, which is much longer than the converging section (25
mm). The total length of this nozzle is 157 mm. The area ratio of the nozzle exit to throat

is 2.25. The gas Mach number of this nozzle can reach up to 2.5 in an isentropic flow.

Particle Inlet Unit: mm

157

Figure 2-17 Simplified nozzle geometry used by NRC-IMI

The mesh size of this nozzle is about 0.2 x 0.2 mm. When the substrate is kept at
30 mm away from the nozzle exit, the whole computational domain consists of 13362
cells.

Air is used as the carrier gas. The flow rate of the air is 12.37 g/s. The pressure of
air at the nozzle inlet is kept at 90 psi. The air is preheated to 500 °C before it is input to
the nozzle inlet.

Aluminum particles are used as the coating material. In the experiment, the particles are
sucked into the nozzle from a hole on the nozzle wall where the pressure of the gas flow
is below the atmospheric pressure. Since particles are not axisymmetrically injected into

the nozzle, a 3-D model would be preferable to simulate this process. However, to
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simplify the simulations, particles are injected into the nozzle near the nozzle centreline,
at a location which is 30 mm away from the nozzle inlet. Consequently, this problem is
changed to an axisymmetric 2-D problem by changing the way of particle injection. Since
particles are mainly accelerated by the gas flow in the diverging section of the nozzle, the
error resulted to the particle velocity from this simplification can be neglected. Particles
are injected with a velocity of 25 m/s and a temperature of 500 °C.

The aluminum powder used in the experiments by NRC-IMI is a mixture of
particles of various sizes. The mean and the median particle size of this mixture are 36.2
and 33.3 um, respectively. The particle size distribution is illustrated in Figure 2-18. A
user-defined particle-injection data file which produces the same particle size distribution
mentioned above was employed and hooked to the Fluent code. The Reynolds stress

turbulence model was used to simulate the turbulent supersonic flow.

16 -
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Particle size (um)

Figure 2-18 Particle size distribution provided by NRC-IMI
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The Mach number contours of the gas phase are shown in Figure 2-19. At the
nozzle exit, the Mach number is about 2.3. Three shock diamonds are produced in the
free jet outside the nozzle. Particles with the given size distribution are tracked in the free
jet at a cross-section of the flow at 10 mm far away from the nozzle exit, just as that in

the experiment.
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Figure 2-19 Mach number Contour of NRC-IMI nozzle

The velocity of one thousand particles is calculated. The mean particle velocity
obtained in the simulation is 487 m/s, which is very close to the experimental result, 486
m/s, as shown in Figure 2-20. It can be concluded that the numerical model can
accurately predict the mean particle velocity. As a result, the deposition efficiency of the

cold spray process can be evaluated based on the mean particle velocity.
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Figure 2-20 Particle velocity measured by NRC-IMI

Although the numerically calculated mean particle velocity is very close to that of
the experimental results, the simulated particle spatial distribution is different from that
of the experiment. The trajectories of the particles in the simulation are concentrated to a
small circular area near the jet centreline (Figure 2-21). However, the experimental
results show that the particles are dispersed more than 3 mm away from the jet centreline
at the measuring position (Figure 2-22). The deviation from the centreline is more
pronounced for particles with sizes less than 20 um. The difference in the particle spatial
distribution between the numerical and experimental results can be due to the 2-D
axisymmetric assumption made in the numerical simulation. In practice, particles are

injected from the nozzle wall at an angle of approximately 45°. Therefore, particle initial
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velocity is not in the same direction as that of the gas flow. As a result, the particles
injected from the nozzle wall would disperse further away from the jet centreline,
compared to those injected from the nozzle centreline. The dispersion of the small
particles is larger than that of the larger particles because the Stokes number associated
with small particles is very small. In addition, larger particles are found moving below
the nozzle centreline at the measuring point. When the larger particles are injected from
the nozzle wall, they pass through the nozzle centreline because they are less sensitive to
the gas flow. This is why the large particles are located below the nozzle centreline at the

measuring area shown in Figure 2-22.
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Figure 2-21 Simulated particle trajectories
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Figure 2-22 Experimental results on particle spatial distribution at a stand-off distance of 10 mm

(provided by NRC-IMI)

In order to investigate the relationship between the mean particle velocity and the
process parameters, more simulations have been carried out with various inlet gas
pressures and temperatures. It is found that the mean particle velocity increases when the
carrier gas is preheated to higher temperatures. As presented in Table 2-2, under the same
pressure (90 psi), when the gas temperature is increased from 33 to 500 °C, the mean
particle velocity will increase from 357 to 487 m/s. This clearly shows that one can

benefit significantly by increasing the temperature of the carrier gas to improve the
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deposition efficiency. Furthermore, the gas pressure is also found to be an important
factor affecting the mean particle velocity. Decreasing the gas pressure from 90 to 50 psi

will result in lowering the mean particle velocity from 487 to 439 m/s.

Process Parameters (Gas) Simulation Results of Aluminum Particles
Inlet Pressure (psi) Inlet Temperature Mean Velocity Std. Div. (m/s)
(C) (m/s)
90 33 357 39
90 200 415 52
90 400 466 64
90 500 487 70
70 500 468 69
50 500 439 66
Table 2-2 Relations between mean particle velocity and process parameters
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3. [Eulerian Approach

In a dense flow where particle-particle and particle-gas interaction effects cannot be
neglected, the Eulerian-Eulerian approach [10 and 11] because of accounting the volume
fraction of the dispersed phase, will be a natural choice compared to the Eulerian-
Lagrangian approach [8 and 9] to capture physical characteristics of the two-phase flow.
Treating both gas and particulates as continuum phase is called two-fluid approach or
simply Eulerian method. In the Eulerian approach cloud of particles passes through fixed
control volumes, which are fine cells of the computational domain. Particle conditions are
calculated by solving the governing equations, such as the equation of conservation of
mass, momentum, and energy for both phases.

The numerical technique used in the present work is the Implicit Continuous-fluid
Eulerian (ICE) method [29, 30, and 31]. ICE is a finite volume method based solver for
compressible and multiphase flow. The principal variables, referring to the species mass,
momentum, and energy are located at the cell-center. The flux of mass, momentum, and
energy are calculated across each face of the cell to satisfy the conservation of mass,

momentum, and energy within each computational cell.
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3.1. Methodology

3.1.1. Governing Equations

The governing equations are the conservation of mass, momentum, and energy
equations [31].

Conservation of mass

+V.p U, =0 (3.1

Conservation of momentum

2T 1y 0.0, =-8,9p-8,(p° - p)- Ve, p,0:0)
ot (3.2)
+Va,r,)+ pE +Y.0,0K,,(0,-0,)
!

Conservation ofenerzy

- t meem[_jm = —pmv‘l—jf + am}/t;l (po - p)_ V‘(ampoeo(jr'n)

. (3.3)
+ g_ﬁoé.—gi - V‘amqo + ngelRm,l (Tl - Tm)
1

where U denotes the velocity vector, p the density, p the pressure, e the internal
energy, T the temperature, 7, the stress tensor, K and R the momentum and heat

exchange coefficients between phases, & the volume fraction and 6, its expected value

for material m . Since the species in the cold spray process are non-reactive, 8, can be

expressed as follows:

Y6, =1 (3.4)

m
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There are seven unknown variables in the above 5 equations. To close the equation

system, the equation of states is also needed to be solved.
p=(-1)pe  and T=(—7}fl)e (3.5)

where R, y, and p represent the gas constant, specific heat ratio (C,/C,), and density,
respectively.

The exchange terms for mass, momentum, and internal energy among species are
zero because the cold spray flow is non-reactive. Some assumptions in the integration and
discretization of the governing equations are made to simplify the calculation for the

compressible multi-material flow.

o The non-equilibrium pressure term and the multiphase Reynolds stress are
neglected.

. The feeding gas is assumed to be a perfect gas.

) The ratio of specific heats, 7, is constant.

. A first-order finite difference scheme is used for the time derivatives.

3.1.2.  Algorithm Description

The computational domain in the present work is composed of a number of
quadrilateral control volumes. A typical grid arrangement is shown in Figure 3-1. The
indices for x, y, and z direction are i, j, and k, respectively. In addition, the face of
interest is shown by the fourth index. Cell faces left, right, bottom, top, back, and front
are denoted by L, R, B, T, BK, FR, respectively. Furthermore, each computational
domain is surrounded by two layers of ghost cells. The fluid variables and properties are

cell-centered.
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Each cycle includes seven computational steps. The pressure, p is computed in the

first step by using the equation of state. In the second step, n+1 cell-centered Lagrangian

Lc . . i ‘/ . .
pressure, p™" , and n+1 face-centered fluxing velocity, U™' are obtained by using a

linear approximation to the pressure (implicit). In the third step, the face-centered

if
pressure, p"*' | is computed by using the continuity of acceleration principle (explicit).

n+1¢

In the fourth step, the sources of momentum and energy are calculated with Ap™ and

n+1*f

: : n+ =y
p"™ . The sum of the time » Lagrangian values and the sources, m " (mU r ,

n+1

e ,are computed in the fifth step. In the sixth step, the advection of mass, momentum

and energy is computed by using the face-centered fluxing velocities, U ! . Finally
mass, momentum, and energy quantities calculated in step 5 are updated with the
advection contribution calculated in step 6. Superscripts ¢ and f denote cell-centered and
face-centered quantities, respectively. The converged solution will be obtained by

iteration of the above cycle.
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Figure 3-1 Grid arrangement and the cell face labeling
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3.1.3. Inter-phase Momentum and Heat Exchange

The force acted on a single sphere particle moving in a fluid with a relative velocity
to the flow can be obtained from equation .

-

-1 -
F=—p U U
2Pc

rel |~ rel CDA (3 6)

where p, presents the bulk density of the fluid (continuous phase), C,, denotes the

drag force acting on a spherical particle, and 4 is the area of the sphere (subscripts ¢
and d denotes continuous and dispersed phases, respectively).
The volume fraction occupied by N particles of the same size with a radius of 7 in

unit volume is as follows:
6, =(4/3)w’ N (3.7)

Substituting the volume fraction obtained from equation (3.7) into equation (3.6), the

total force acting on the particles per unit volume is derived:

U

[ =p0,|0,.Cr6,(3/4r) (3.8)

For multi fluids, the force can be presented as:

—

]_;kl = ngelKkz( I —l_jk) 3.9

where K is the momentum exchange coefficient.

For a two-phase flow, the coefficient can be expressed as:

—

U

rel

Kiy =Ky =(3/8)C, (3.10)

4

7

The heat exchange term of multi fluids is determined as follows:
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> 6.6R,(T,-T,) (3.11)
)

For a two-phase flow, the inter-phase energy exchange coefficient is:

—

Urel
R, =R, =§”—H6—r (3.12)

4

where H, is the convective heat transfer coefficient.

3.2, Model of the Cold Spray Process

In this section the numerical method of modeling a cold spray process with

Eulerian approach is presented.

3.2.1. Nozzle Geometry and Boundary Conditions

Nozzle Geometry

The nozzle geometry used in the Eulerian approach is shown in Figure 3-2. The
diameter of nozzle inlet and the particle inlet is 6 and 1 mm, respectively. The diameter
of the nozzle throat and nozzle exit is 2 and 5.2 mm, respectively. The area ratio of the
nozzle exit to throat is 6.76. The total nozzle length is 110 mm. The diverging section of

the nozzle is 80 mm, which is much longer than that of nozzle converging section, 25 mm.
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2 Unit: mm

110

Figure 3-2 Nozzle geometry and dimensions

Boundary Conditions

The boundary conditions of the axisymmetric nozzle are shown in Figure 3-3.
Helium is used as the carrier gas. At the nozzle inlet, the pressure and the temperature of
the carrier gas are kept at 23 atm and 500 K, respectively. The gas pressure and
temperature at the open boundary are 1 atm and 300 K, respectively. Twenty micron
Copper particles are injected into the nozzle along the nozzle centreline. Simulations are
conducted with various particle loadings in order to investigate the effect of particle

volume fraction on the flow field.

i 1
' Open Bounda
Non-slip wall ' P v

{

Gas Inlet ~

. 1
ParticleInlet =2 . __ . . . —
Axisymmetric boundary __J\ ‘ 35mm r

Figure 3-3 Boundary conditions

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.2.2. Discretization

In contrary to the case of using an Eulerian-Lagrangian method, mesh refinement
will not result in more accurate solution when using Eulerian-Eulerian approach. Each
single cell in the Eulerian approach should be large enough to contain sufficient number
of particles so that the averages, such as the average volume fraction, mass, and energy
can be calculated. If the size of control volume is too small, particulates can no longer be
treated as continuum. On the other hand, a coarse grid will downgrade the accuracy of the
calculation. To obtain a proper mesh size, many simulations have been carried out with
various mesh sizes. For the given operating conditions, it is found that when the mesh
size is about 0.2 x 0.2 mm, the numerical error due to the mesh size is within 1 %.
Further increasing or decreasing the mesh size would either degrade the accuracy, or
result in a diverging solution.

In the present work, the whole computational domain is composed of 6 blocks and
2 sections. There are 17 vertical nodes and 551 axial nodes inside the nozzle. The total
numbers of the cells in the nozzle is 9365. In addition, the computational domain outside
the nozzle is composed of 154 vertical nodes and 151 axial nodes. The total nodes located
between the nozzle exit and the substrate is 23254 when the substrate stand-off distance
is 30 mm. The numbers of nodes outside the nozzle varies with the stand-off distance of

the substrate.

3.2.3. Numerical Techniques

CFDLIib, a CFD open source developed by Los Alamos National Laboratory is used

to solve the governing equations in the Eulerian-Eulerian approach [10], [11]. The
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numerical scheme is finite volume with cell-centered state variables. The modular design
of CFDLib enables it to perform multiphase and multifluid computations, both for
incompressible and compressible flows.

A preprocessor is developed to generate 2-D axisymmetric geometries and the
computational mesh. Helium is used as the carrier gas and is assumed to be an ideal gas.
20 um copper particles are injected along with the carrier gas near the nozzle centreline.
A k-¢ turbulence model is used for this multifield compressible flow. Since the nozzle is
axisymmetric and the particles are injected into the nozzle along the nozzle centreline, a

2-D axisymmetric model is used in this study in order to simplify the calculation.

3.3. Results and Discussions

3.3.1. Gas Phase

The gas Mach number contours of is shown in Figure 3-4. The gas is developed into
sonic flow at the nozzle throat and further expands in the diverging section of the nozzle.
The maximum gas velocity reaches about 2100 m/s at the nozzle exit. Three shock
diamonds are formed between the nozzle exit and the substrate. A strong bow shock is

also formed near the substrate.
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Figure 3-4 Mach contours of one phase flow

Near the injection point where the local particle loading” is rather high a dense
particulate flow will be formed. Particles are accelerated by the gas flow and the dense
particulate flow will be further developed near and along the nozzle centreline. Away
from the nozzle centreline, particulate flow gradually becomes dilute. As the particulate
flow is advancing through the nozzle, particle volume fraction will be decreased as
shown in the Figure 3-5. The local dense particle flow near the nozzle centreline would

augment the turbulence of the gas flow nearby.

Nozzle inlet Volume Fraction

) Nozzle Exit

E 10 0.0002

% 9 0.00017
2 § 8 0.00015
= ; 7 0.00013
3 : 6 0.00011
S :1 5 8.9E-05
2 : 4 6.7E-05
@ 3 4.4E-05
S 2 2.2E-05
A ! ' 10

| i U W S >

Figure 3-5 Particle volume fraction contours

* Loading is the ratio of the mass flows of the dispersed phase to that of the continuous phase.
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The effect of particle loading (or volume fraction) on shocks and expansion waves
is illustrated in Figure 3-6 as the local particle volume fraction at the inlet is increased
from 0.0002 to 0.01. As shown in Figure 3-6 (a) when there is no particle injection,
similar to the results of the Lagrangian approach a series of shocks and expansion waves
(shock diamonds) are formed outside the nozzle with maximum and minimum Mach
number located at the centreline. When copper particles are introduced to the nozzle with
an inlet volume fraction of 0.0002, the local particle loading will be about 77% at the
nozzle inlet boundary. As shown in Figure 3-6 (b), the subsonic areas which previously
located between the shock diamonds start to connect with each other near the jet
centreline. The shock diamonds are shifted away from the centreline area to the dilute
flow area. Consequently, the supersonic flow near the jet centreline is turned to subsonic
by the local dense flow. If the volume fraction at the particle inlet is increased to 0.0004
(local particle loading is increased to about 150 %), as shown in Figure 3-6 (c), the effect
of particle volume fraction on the gas flow field is more distinct at the nozzle exit. As the
volume fraction is increased to 0.0005 (local particle loading is increased to about 200 %),
as shown in Figure 3-6 (d), the gas flow is significantly decelerated in such a way that the
high speed flow cannot be further developed in the diverging section of the de Laval
nozzle. This is due to the fact that the majority of the gas flow in the diverging section is
subsonic and the diverging nozzle acts as a diffuser. At this particle loading the cold

spray nozzle should fail to operate.
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3.3.2. Particle Phase

3.3.2.1. Effect of Dense Particle Flow on Particle Velocity Distribution

The local dense flow near the jet centreline not only affects the flow of the gas
phase but also the particle velocity distribution. As shown in Figure 3-7 (a) and (b), the
velocities of those particles in the shock diamonds area (about from 2 to 2.6 mm away
from the jet centreline) are the largest because they are accelerated by the shocks.
Velocity of the particles which are in the dense particulate flow area is small because of
the negative effect of the local dense flow on the relative particle Mach number defined
by equation (2.10). Since the relative Mach number of the particles in a dense flow is
smaller than that in a dilute flow, the particles in the jet center are not sufficiently
accelerated. In addition, the velocities of the particles which have dispersed to the
subsonic dilute flow area outside the shock diamonds also decrease sharply. The kinetic
energies of these particles dissipate quickly because of the viscous effect in the subsonic
region. A similar particle velocity distribution as shown in Figure 3-7 (b) has also been
observed in an experiment reported by Champagne et al. [33].

The effect of local dense flow on particle velocity can be further demonstrated as
the volume fraction of the particles is increased. As shown in Figure 3-7 (b), when the
particle volume fraction at the particle inlet is increased from 0.0004 to 0.001, the
velocities of the particles upon impact decrease. Therefore, particle loading in the cold
spray can significantly affect the particle velocity because of the negative effect of the

local dense particulate flow on the gas flow regime by changing it from supersonic to
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subsonic flow. It can also be observed in Figure 3-7 (b) that the velocity distribution of
those particles in a dense flow is more uniform than that in a dilute flow. The particle-
particle interaction and collisions in a dense flow tend to make the particle velocity

distribution at different locations to be more uniform.
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Figure 3-7  Effect of particle loading on particle velocity distribution upon impact (a) Dense
flow, shock diamonds, and dilute flow areas in the gas jet (b) Particle velocity
distribution away from the jet centreline
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3.3.2.2.

Effect of Bow Shock on Particle Velocity
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Figure 3-8 Effect of the bow shock on particle velocity (a) Particle velocity tracking position
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(b) Particle velocity before and after the bow shock
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The effect of bow shock can also be observed when using an Eulerian approach. As
it is demonstrated in Figure 3-8, particle velocities are calculated at two cross-sections; (a)
prior to the bow shock, (b) adjacent to the substrate. Upstream of the bow shock, particle
velocities are much higher than those upon impact. The particle velocity decreases

sharply near the substrate because of the effect of the bow shock.

3.3.2.3. Effect of Particle Density on Particle Velocity upon Impact

Figure 3-9 shows the effect of particle density on the particle velocity upon impact.
Two commonly used powders in the cold spray process are examined. The velocities of
the aluminum particles are higher than those of the copper particles at the dense flow area
and at the shock diamonds area. This is because the density of aluminum particles is
lower than copper particles, resulting in smaller Stokes number for aluminum particles.
Consequently, aluminum particles can be accelerated to higher velocities than the copper
particles under the same operating condition. However, the velocity of aluminum
particles decrease rapidly as it compares with copper particles at the subsonic dilute flow

area because of their smaller Stokes number.
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Figure 3-9 Effect of particle material on particle velocity upon impact
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4. Closure

As mentioned in the previous chapters, cold spray process has been a focus of many
studies because of its vast potential applications in various industries. However, most of
the former research works focused on the study of the optimum operating conditions,
such as the stagnation pressure and temperature, and the design of the nozzle. The present
work analyzed the effect of shock diamonds and bow shocks on the normal velocity of
the particle upon impact by using the Lagrangian particle tracking method [8 and 9]. In
addition, the effects of particle size and substrate geometry on the particle velocity were
studied. The Eulerian approach [10 and 11] was also used in paralle] with the Lagrangian
approach in order to investigate the effect of dense flow on the gas flow and on the

particle velocity distribution.
4.1. Conclusions

In this study, the Lagrangian approach was first used to analyze the dilute
particulate flow. The correlations of Igra and Takayama [26] and Henderson [27] were
used to calculate particle normal velocity upon impact on a substrate. The conclusions

from the Lagrangian approach include:

e Shock diamonds and a strong bow shock were observed in the gas flow, which
were produced by interaction of Prantle-Meyer expansion waves and oblique

shock waves outside the over-expanded supersonic nozzle. The number of
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shocks observed in the numerical results depends on the stand-off distance of
the substrate and the turbulence model. It was found that particle velocity
increased in within the expansion waves while decreased through compression

waves.

e It was demonstrated that particle normal velocity decreases noticeably near the
substrate due to the formation of a strong bow shock. In addition, the existence
of a stagnation core area between the bow shock and the substrate can turn
particles away from the normal direction and result in a significant decrease in

the particle normal velocity upon impact.

e Since Henderson correlation [27] is more sensitive to the shocks, especially to
the bow shock, it was used to anticipate the optimum substrate location. The
optimum substrate stand-off distance was found to be 11 mm for the applied

operating conditions.

e Igra and Takayama correlation [26] was employed in this work to estimate the
optimum particle size and the effect of the substrate geometry. The optimum
particle size for copper particles was found to be about 35 um for the applied

operating conditions.

e [t was also found that the effect of substrate geometry can significantly change
the particle normal velocity upon impact. The mean normal velocity of small
particles upon impact on a convex substrate is the largest as compared to that of
the flat and the concave substrates because the strength of the bow shock near a

convex substrate is the least. The value of the mean normal velocity of large
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particles upon impact on the flat, concave, and convex substrates is close to
each other. This is because of the large Stokes number associated with large
particles which makes them less sensitive to the bow shock as compared to

small ones.

The Eulerian approach [10 and 11] was also used in this study to analyze the dense
particle flow in the cold spray process. The summary of the result of fully Eulerian
approach is listed in the following items:

e Comparing to the Lagrangian approach, the interaction of the two phases of gas
and solid particles in the Eulerian approach is captured not only by source terms
in the momentum and energy equations, but also by the volume fraction term.
The fully Eulerian approach can analyze the change in average density of each
phase at each control volume with the volume fraction term in the conservation
laws.

e In the Eulerian-Eulerian approach, it was found that most particles are
concentrated in the area near the jet centreline where the coating particles are
injected to the nozzle. The local dense particle flow near the centreline can
significantly affect the nearby gas flow. The velocity of the gas flow near the
centreline of the jet is less than that of the gas flow away from the centreline,
where the flow remained a dilute particle flow. The shock diamonds were also
found shifted away from the jet centreline because of the presence of the dense

particulate flow near the centreline.
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e The dense particulate flow near the jet centreline also negatively affects the
particle velocity. Since the relative Mach number near the centreline is smaller
than that of outside area, the particles in the jet center are not sufficiently
accelerated. It was observed in the simulation that the impact velocities of the
particles near the centreline were smaller than those particles traveling away
from the centreline. Obviously, the deposition efficiency of particles will
decrease significantly if the local particle loading exceeds is rather high. For
example, for the presented operating conditions, the nozzle is functional when
the local loading does not exceed 150%.

e It was also found that the impact velocity of those particles traveling through
deflected shock diamonds is rather high. These particles are accelerated by the
shock waves. However, when some particles are dispersed far away from the
nozzle centreline, they are decelerated in the subsonic area outside the shock

diamond areas.

All the factors mentioned above can significantly affect particle normal velocity
upon impact. Since particle normal velocity upon impact is the most important factor
affecting the coating deposition efficiency, studying these factors with both the
Lagrangian and Eulerian approaches will allow us to better understand the physics
governing the complex high speed gas-particle flow in the cold spray process. Finally, the

deposition efficiency and coating quality can be improved.
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4.2, Future Works

The present work has analyzed the effect of shocks and substrate geometry in the
cold spray process by using various drag coefficient models in the Lagrangian approach.
The effect of dense particle flow has also been studied with fully Eulerian approach.
Some primary results and conclusions have been obtained. The calculated mean particle
velocity was very close to the experimental data provided by NRC-IMI. However, more
work should be carried out using both methods in order to thoroughly understand these
effects. The future works are recommended as follows:

e The simulation results of this work have been partly validated by the
experimental results provided by NRC-IMI. Further validation works are
required in order to obtain not only the accurate mean particle velocity but also
the similar particle velocity standard deviation.

e The area ratio of the nozzle exit to the nozzle throat is 6.75 in this study. This
area ratio is so large that the Mach number at the nozzle exit can reach up to 4.3.
However, it is reported by Jodoin [16] that the Mach number should not be
greater than 4 because of the negative effect of the shocks at high Mach number.
In future, the simulation work should be conducted with a nozzle of smaller area
ratio.

e Igra and Takayama correlation [26] and Henderson correlation [27] have been

used in the Lagrangian approach. These correlations can estimate the effect of
the bow shock on the particle normal velocity upon impact. However, when the

nozzle geometry or the operating conditions are changed, these correlations may
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no longer be the optimum drag model to accurately predict the particle velocity.
This is because each drag law has its range of application, depending on the
particle Reynolds number, Mach number, and shape. More drag correlations
should be tried in the future in order to find an optimum drag correlation which
can predict not only accurate mean particle velocity but also correct velocity
standard deviation. Obviously, experimental results will be very important in
the process of validating an appropriate drag law to simulate cold spray process.

e Since the nozzle in this thesis is axisymmetric and the particles are injected
from the nozzle centreline, two-dimensional model was used to simulate the
cold spray process. However, there are many cold spray nozzles in which
particles are injected into the nozzle from the nozzle wall, such as that in the
experiments of NRC-IMI. In the future the study should be carried out with a 3-
D model in order to predict the particle landing position more accurately.

e Some primary results have been obtained by using the fully Eulerian approach
with the CFDLib codes. In the future the drag correlation used in CFDLib can
be changed to obtain more accurate particle velocity. The turbulence model of
CFDLib codes is k- model. In future this model can also be changed to other

models to facilitate capturing the shocks and expansion waves more accurately.
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