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Abstract

Thermal spray technology is a widely used technique in industry in which surfaces of materials are
coated by spraying a wide range of metals or ceramics. Considering the growing interest in building
nanostructured coatings due to their significant characteristics a new technique called suspension
plasma spraying is developed. In this method, a coating is formed by injecting a suspension of nano
or sub-micron sized particles into a plasma flame. Obtaining a uniform coating on mechanical parts
is one of the industrial challenges in suspension plasma spraying. Through a three dimensional
numerical analysis, this study is aimed at providing a better understanding of the effect of substrate
position and curvature on in-flight particle temperature, velocity and trajectory. The high
temperature and high velocity plasma flow is simulated inside the plasma torch using a uniform
volumetric heat source in the energy equation. The suspension of yttria stabilized zirconia (YSZ)
particles is used here due to its vast applications in forming thermal barrier coatings. Suspension is
molded in this study as a multicomponent droplet while catastrophic breakup regime is considered
for simulating the secondary break-up when the suspension interacts with the plasma flow. A two-
way coupled Eulerian-Lagrangian approach along with a stochastic discrete model was used to
track the particle trajectory. Particle size distribution in the vicinity of the substrate at different
standoff distances has been investigated. Then the effect of substrate curvature on in-flight particle
characteristics is discussed. The results show that sub-micron particles obtain higher velocity and
temperature compared to the larger particles. However, due to the small Stokes number associated
with sub-micron particles, they are more sensitive to the change of the gas flow streamlines in the

vicinity of the substrate.
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1. Introduction

In This chapter

In this chapter, a brief introduction to thermal spray technology will be
given. Furthermore, suspension plasma spraying technique will be discussed

in detail. Moreover, objectives and significance of this work will be presented.



The application of coatings on the surface of various components in industry has
been pursued for many years. The purpose of applying coatings is to improve the surface
properties of substrates or even add new ones without changing the core property of the
main part. Providing higher temperature exposure as done in thermal barrier coatings, a
higher fatigue life, reducing wear due to corrosion or even creating hydrophobic surfaces
by introducing surface roughness are few examples of improving the functionality of parts
and components used in various industries.

Although there are various techniques for applying coatings on surfaces, the focus here is
on the thermal spray technology. Thermal spraying is defined as group of processes in
which fine metallic or non-metallic materials in molten or semi molten condition are
deposited on surfaces to create coatings [1]. This method is used widely in industry since
almost any material that can be melted, can be applied to the surface of the part of the
interest with no significant amount of power required. Based on how the required energy
for melting the coating material is provided, thermal spray is divided into different
categories. This energy can be provided by electrical discharge, combustion or even high
pressure gases [1].

Among thermal spray processes, plasma spraying processes are commonly used in
industry. A plasma gun consists of a copper anode and a tungsten cathode. In this technique,
high electrical energy is produced inside a plasma gun due to electrical discharge between
the anode and cathode. This energy leads to ionization of an incoming gas flow inside the

gun which leads to the formation of a plasma (Figure1.1'). The temperature of the plasma



gas inside the plasma gun can reach high values such as 20,000 K while the exhausting!

plasma gas from the nozzle exit usually has a temperature between 8000 to 14000 K and

Plasma gas + current
Cathode

F - l T:;

Insulator Powder port

Water-cooled anode

g Coating

Substrate ——»

Figurel.l Schematic of an atmospheric plasma spray process

velocities range from 500 to 2800 m/s depending on plasma gun operation conditions [2].
The plasma gas may comprise a single (e.g. Ar) or a mixture of different gasses (Ar-Ho,
Ar-He, Ar-He-Ho, etc.). In atmospheric plasma spraying (APS), the plasma exhausts to
open air environment. Since the feedstock is in the form of powder, an auxiliary carrier gas
is needed to transport the feedstock into the flame so that the particles are accelerated and
heated before impacting on the substrate. These coating particles usually have a size
distribution in the range of 10 to 110 um and, depending on the process, they can be

injected in radial or axial direction with respect to the plasma gas flow [2].It has been

! Extracted from http://www.amphardchrome.co.uk/plasma-spraying
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shown that during long-term experiment, particle state along with the plasma gun condition

and spray time are important parameters in controlling the coating characteristics [3].

1.1. Suspension plasma spraying (SPS)

In the past decade, producing nano-structure coatings has been the focus of many
research topics due to their notable properties such as improved dimensional stability or
lower thermal diffusivity compared to the conventional ones [2]. One of the challenges in
this area is finding a way to inject these nano-sized particles into the gas flow. To address
this problem a relatively new technique called suspension plasma spraying is being used.
In this technique, suspension of nano- or submicron sized particles in a base fluid (usually
ethanol or water) is injected into the plasma plume in a form of liquid jet or train of
fragmented droplets [4]. Both axial and radial injections of the liquid feedstock are used to
transport the suspension into the plasma flow. The use of a liquid carrier is to provide the
required momentum for the small sized particles to penetrate inside the plasma. However,
transport of suspension into plasma flow is a complex phenomenon. These phenomena, as
can be seen in Figure 1.2, include penetration and atomization of the suspension,
vaporization of the solvent, acceleration and heating of the submicron particles, particle
agglomeration, particles evaporation and finally particle impact, spreading and
solidification. There are various parameters that affect the properties of the SPS coatings
such as torch operating condition, plasma arc fluctuation, suspension jet/droplets
penetration, fragmentation, and evaporation [5]. The suspension drops penetrate inside the

plume if their momentum density (p, v ) is higher than that of the gas flow (pgvs) .The



fragmentation of the suspension starts when instabilities induced by the aerodynamic forces

overcome the surface tension force of the liquid suspension. Breakup of the liquid
2
feedstock is characterized by the Weber number ( %l) which is the ratio of the inertia force

to the
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Figure 1.2 Phenomena involved in radial suspension injection

surface tension force. Moreover in the radial injection case, droplet jet velocity and
orientation of the injector (angle) are found to be important parameters that affect the heat
and momentum transfer [6]. Furthermore, it was observed that particles’ velocity and
temperature are mostly affected by the actual plasma torch conditions and feed stock

parameters such as powder size distribution or particle concentration, respectively [7].



1.2. Previous works

Recently, on-line particle diagnostics in plasma spraying process has been one of
the interesting subjects due to the direct correlation between the particle conditions
(velocity, temperature and size) upon impact on the substrate and the resulting coating
characteristics. In spite of several available experimental diagnostic systems (DPV-2000,
Accuraspray-g3, etc.), their applications are limited by some factors such as size of the
sprayed particles and the spray distance [8]. The intensity of the plasma radiation, speed of
the occurrence of the droplets fragmentation along the high temperature and velocity
gradients within plasma are among phenomena that make these experimental
measurements extremely difficult [5].

Alongside the experimental works, numerical study of plasma spray processes has been
proven to be a useful tool to find a path to a better understanding of these complex
phenomena that are involved in this deposition processes and overcome the above
challenges.

In early simulation works, the plasma flow was modeled using constant or parabolic
profiles as inlet boundary conditions for the plasma temperature and velocity at the torch
exit [9-15]. In [9], the authors simulate the turbulent argon plasma jet flowing in to the cold
air by utilizing classical k-¢ model and the same profiles mentioned above. Afterwards,
two main approaches were followed in the literature to model the plasma flow within the
plasma torch. The first group relied on using the Joule’s heating effect concept for
modelling the steady or, in more complex manner the transient plasma flow [16-21]. The
second group used a more global approach to capture the arc movement and the consequent

transient plasma flow by solving the equations of fluid mechanics coupled with
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electromagnetic ones [22]. In most of these simulations local thermal equilibrium
assumption, in which all the species inside the plasma gas are considered at the same
temperature, was considered.

Due to the large gas acceleration and shear velocity and temperature gradient inside the
torch accompanied by electromagnetic forces, flow inside the torch is turbulent and
unstable. Thus, choosing a turbulence model that can best describe the plasma flow
dynamic is of great importance. The most accurate approach for modelling turbulent flows
is known as direct numerical simulation approach or DNS in which all the scales of the
flow is resolved without any approximation. The large computational cost (computing
power) of DNS has brought the attention to the other approaches such as large eddy
simulation (LES) or Reynolds-averaged Navier-Stokes (RANS) models. When the
movement of the arc inside the torch is considered in the simulation, LES provides more
accurate results. However, for the cases in which plasma gas is assumed to be steady,
RANS models provide sufficient accuracy [21]. RANS models are used for turbulence
modelling in the literature by far most compared to other approaches. Within the various
RANS models, a two equation k-¢ model has been widely used due its computational
simplicity compared to other more complex models.

Remesh et al. [16] simulated the plasma heating by adding a constant energy source in the
energy equation. The classical k-¢ turbulence model alongside the plasma gun efficiency
of 63% were used in this study. All the studies that used the classical k-¢ turbulence model
to simulate plasma flow showed an underestimation in predicting the plasma high
temperature core. To address this problem, Bolot et al. [10] proposed that a sink term

should be added in k equation since the classical k-¢ built in model in FLUENT software



underestimates the high plasma temperature plasma core. In another study [11], the authors
showed simulations based on Reynolds stress turbulence model produces similar results to
the modified k-¢ model in [9].

Due to the transient nature of the plasma flow, Meillot et al. [ 17] proposed a time dependent
moving energy volume to take into account the plasma arc movement within the torch.
Most of the aforementioned studies also considered the effect of injection of particles inside
the plasma flow by using a Lagrangian approach. In this approach, a large number of the
injected particles that can change momentum, mass and energy within the flow in which
they are tracked. In [14], authors used the same approach to study the change in velocity,
temperature and diameter of multi-sized particles injected in a plasma plume. Throughout
the literature, it has been shown that fragmentation of liquid feed-stock is one of the major
parameters that has a great impact on coating characteristics. Shan et al. [12] simulated the
plasma flow alongside droplet collision and break up by utilizing Re-Normalization Group
(RNG) k-¢, with Taylor Analogy Breakup (TAB) model. They reported that both droplet
collision and break up should be considered in the simulation. By injecting different size
water droplets into the transient plasma, Marchand et al. [ 18] investigated the evolution of
droplets” Weber number along with their trajectories. The work [18] showed a need for a
break up model which can adapt itself to the changes of the Weber number as the droplet
penetrates into the plasma plume. Jabbari et al. [14] developed a model to investigate the
suspension atomization, evaporation and break up within an argon plasma flow. In this
study, plasma flow exiting the torch was modeled by assuming a parabolic velocity and

constant temperature profiles.



Due to dominant effect of primary atomization of suspension jet in SPS process, there has
been an increasing interest in simulating liquid atomization in plasma spraying by using
more accurate approaches such as volume of fluid (VOF) technique. The advantage of this
technique is that it can solve the fragmentation of liquid in small scales rather than using
empirical correlations. However the drawback of this approach is its high computational
cost and computer power. An example of this approach is the work of Meillot et al. [19] in
which fragmentation of the injected liquid feedstock in a steady plasma was simulated in a
in small zone 4mmx2.56mmxImm in front of the nozzle exit .

It is a known fact that the presence of a substrate would affect the fluid flow and particles’
trajectories that are injected into the plasma flow especially in the vicinity of the substrate.
Thus, the effect of inclusion of a substrate on the plasma flow and the particles’ trajectories
has been investigated both experimentally and numerically. Kang et al. [20] studied the
effect of adding a flat substrate on the behavior of injected in-flight particles near the
substrate. They showed that the zone influenced by the substrate is rather small and particle
parameters are mainly unaffected and similar to those of the free jet case for particle sizes
ranging from 22 to 125 um. In another study with the same conditions [21], the authors
investigated the effect of inclusion of a curved substrate; they suggested that there is a
threshold for particle diameter (10 um) above which particles are unsusceptible to the flow.
Selvan et al. [13] investigated the thermal exchange between the Ar-N: plasm jet and
substrate since substrate heating affects the microstructure of coating in plasma spray
process. By using a 3D model alongside the shear stress transport (SST) k-o turbulence
model and parabolic profiles, authors concluded that there is a direct relationship between

the heat flux to the substrate and the plasma gas flow rate [13].



Recently the effect of adding a flat substrate on an argon plasma flow with the same
conditions and assumptions used in [14] was investigated in SPS process by Jadidi et al.
[15]. They analyzed the effect of standoff distance on the impact condition of submicron
particles and concluded that due to the stagnation region formed near a flat plate many

small size particles would get diverted especially for shorter standoff distances.

10



1.3. Objectives

The main motivation for the current study is to address the technological challenges
to obtain a repeatable and controllable SPS coatings on various substrate shapes. The

objectives of this work are summarized below

1. Simulating suspension injection and its interaction with the plasma flow including
penetration, atomization, evaporation and solid particles formation.

2. Investigating the effect of insertion of substrate on the plasma flow and particles
characteristics especially upon impact.

3. Investigating the effect of changing the substrate standoff distance and changing
the substrate curvature on particles characteristics upon impact.

4. Investigating the effect of changing the suspension feed rate on in-flight particle

characteristics.

11



2. Methodology

In this chapter

In this chapter, an overview of the governing equations for both
continuous and disperse phases are presented. Furthermore, assumptions and

boundary conditions related to this work are discussed.

12



This study consists of two main parts. In the first part (Eulerian), the solution to the
continuous gas phase is obtained by solving the governing equations. Then, the dispersed

phase is introduced and solved by using the calculated flow field in the first part.

2.1. Continuous phase

For the continuous phase the Local thermal equilibrium (LTE) assumption is
considered everywhere inside the computational domain. By the LTE assumption, the
kinetic energy of the species within the plasma gas is categorized by a single temperature.
The plasma is considered as a continuous Newtonian compressible chemically inert gas
with temperature dependent thermodynamic and transport properties. These properties

where extracted from [24] and fitted in to the piecewise profiles.

2.1.1. Governing equations

Mass conservation equation

The continuity or mass conservation equation can be written as follows

dp - 2-1)
5+V .(pV} -0,

13



This is a general form of mass conservation equation valid for both incompressible and

compressible flows. The source term S, is the added mass to the continuous phase.

Momentum conservation equation

The general form of momentum conservation equation is as follows

0/ ~ - - (2-2)
a(pV}T v .\,UVV}—_V[/T V.kLeff}T,Ug

where in 2-2, p is the static pressure, T is the stress tensor as shown below and pg is the

gravity force

T is obtained from;

— - - _ (2-3)
Teﬁ:ﬂeﬁ, (Vv-rvv }—gv.le

In equation 2-3, u.sr is the effective viscosity which is the summation of molecular

viscosity (¢) and turbulent eddy viscosity (u;), I is the unit tensor and the second term on
the right-hand side is for effect of the volume dilation which accounts for the changes in

the volume [25].

Energy equation

The energy equation is as follow:

14



- (2-4)

a(pE)-i-V .(V\,Ul) TP)) = Vg VL T L) T O

ks represents the effective conductivity and Sg ,is the energy source term. The first part
of the right-hand side in 2-4, accounts for the energy transfer due to conduction and the
second part represents the heat transfer due to the viscous dissipation. Furthermore, in

equation 2-4, E, is defined as follows [25].

g_n PV (2-5)
P

Equation of State

To close the above system of equations and take into account the effect of

compressibility, the equation of state for ideal gas is used and shown as below

p=pR,T (2-6)

Species transport equation

After solving the conservation equation for a chemical species, to solve the
convection-diffusion equation for each species a local mass fraction for each species should

be predicted, Y;. This equation takes the following general form.

15



0 - - (2-7)
a(th)-l-V (,01/ 1i}——v TN T,

In 2-7, R; is the rate of production of species i, by chemical reaction, which is zero in our
case since there is no reaction. S;, is the source term representing the rate of creation by
adding from the dispersed phase. This equation should be solved for N-1 species where N

is the number of total species [25].

2.1.2. Turbulence modeling

Due to the electrical discharge occurring inside a plasma gun, a great amount of
energy transfers to the incoming gas flow. Transferring this great amount of energy to the
gas will lead to high gradient gas temperature, sudden expansion and rapid acceleration of
the gas and eventually generating a turbulent gas flow. Turbulence is further affected by
inclusion of the cold substrate in the domain. Further downstream of the plasma gun, flow
diversion, rotation and high velocity gradients in the vicinity of the substrate will create a
high turbulent area. Thus, choosing a turbulence model that is able to predict the length of
the plasma potential core correctly alongside capturing the flow changes near the substrate
is of great importance here.

Due to the large computational cost associated with DNS and LES, RANS models have
been used frequently in simulating plasma spraying [23]. Throughout the various models
within RANS, RNG k-¢ and Reynolds stress models have shown a better prediction for the

plasma high temperature core compared to the rest. Reynolds stress model is chosen for

16



this study since compared to the k-¢ family, it has a greater potential for accurately

capturing the streamline curvature and swirl especially near the substrate.

Reynolds averaging

In Reynolds average turbulence modeling, the solution variables are disintegrated
into a mean (time averaged) and a fluctuating component. For instance, flow velocity based

on this approach is written as,

u, =u;i +u,’ (2-8)

where u; and 1; are the mean and fluctuating components of the velocity respectively (i
=1, 2, 3).

Substituting the flow variables into the instantaneous continuity and momentum equations
and tacking the time average will lead to Reynolds-averaged Navier-Stokes (RANS)
equations as shown below [25].

(2-9)

 Ou, —_ (210
g(pui)%ﬁ(puiuj):_a_PiH%ﬁ_zg %JJ*i“p”f”f"
X . .
J

6xj ox; 3 ¥ ox, X ;

where
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. %( pu, )= Unsteady term

° i( puu; ) = Advection term

ox,

o S—P = Pressure gradient term
X .

1

. Ou,
° i u %4_&_26‘1% = Diffusion term
ox; ox, oOx, 3 7 0ox

The term(—p1,11;) , is called Reynolds shear stresses and closing above equations requires
proper modeling of these terms. In one common approach the Reynolds stresses are related

to the velocity gradients by using the Boussinesq approximation as follows,

2-11
MR R e B
where £ is turbulence kinetic energy, u, is the turbulent eddy viscosity, and ¢ is Dirac delta
function [25].This approach is used in k-¢ and k- models to model the Reynolds stresses.
An alternative approach is given in Reynolds stress model (RSM) in which, instead of
relying on eddy-viscosity hypothesis, the Reynolds stresses terms together with an equation
for the dissipation rate are solved in order to close the Reynolds-averaged Navier-Stokes

equations.
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Reynolds stress model

Instead of utilizing the Boussinesq hypothesis, there is an alternative approach
called Reynolds stress model (RSM) in which each of the terms in Reynolds stress tensor
is solved by means of a transport equation. Therefore, in a 3D case using RSM turbulence
model, seven additional transport equations must be solved. The exact transport equation

for Reynolds stresses in RSM model is given as below [25].

L o+ puyaiad\ =~ puaiad, + p/ (6,06 + 5,1

. ——Oou. —— Py
e[ 2 () |- pl a2 O (2-12)

where
0
0

1) > ( pul’_u;) = Local Time Derivative

2) 8i (pu k u,'_u; ) = Convection

X

3) ai (" up+ p' (5@”5 +0,U; )) — Turbulent Diffusion

k

4) i L Y7, i (W)J = Molecular Diffusion

[ 8”[ [ 8” :
5) p| wu, — +u'u, — | =Stress Production
foax, T'a
Xk Xk
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ox; O

" ou'
6) P{% + a—’J = Pressure Strain

" ou’,
7) 2u Qu; Uy = Viscous Dissipation
ox, Ox,

Turbulent kinetic energy in this model is obtained from:

2-13
k= lul'ul' @-13)
2
The dissipation tensor, &;; is then modeled by:
2 (2-14)
& = gé‘y(pg"'YM)
where
Y, =2psM; (2-15)

M, is the turbulent Mach number and is defined as:

2-16
v, [E @10
a

The scalar dissipation rate, €, is computed with a transport model similar to the one used

in k-¢ model [25].
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In the above equation, . = 1.0, C¢; = 1.44, and Cs2 = 1.92. P;; is the stress production term
in the Reynolds stress equation.

Thus the turbulent eddy-viscosity is computed from the equation below.

k* (2-18)

where €, = 0.09 [25].

2.1.3. Near wall treatment

Inclusion of solid walls has significant effect on flows and their turbulence behavior
in the computational domain. Solution variables will experience large gradients near walls’
region which gives a rise to the turbulence production. Therefore, a proper representation
of the flow near the wall is needed to maintain the accuracy of the solution.

Experiments show that in the vicinity of the wall, flow can be divided to three different

layers as shown as in Figure 2.2 [28]
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Figure 2.1 Velocity and shear distribution near the wall [28]

Molecular viscosity and viscous shear are dominant adjacent to the wall in the viscous wall
layer and flow is almost laminar. Further away from the wall in the turbulent layer,
turbulent shear plays a major role. There is a transition layer between viscous sublayer and
fully turbulent layer in which the effects of both molecular and turbulent viscosities are

important. [28].

Wall functions

There are two main approaches to model near wall region. In one approach, viscous
sublayer is resolved all the way to the wall. This needs sufficiently fine mesh (y* = 1)
near the wall which can impose large computational requirement. The second approach
which is chosen for this study relies on using semi empirical equation to connect the wall
region to the turbulent outer layer.

The law of the wall for the mean velocity is used as follows.
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U =11n(Ey*) y >11.225 (2-19)
K
y <11.225 (2-20)

Where {;* is the dimensionless velocity and y” the distance of the element from the wall

are calculated as follows [25].

1 1

. (2-21)
U = UPCﬂ k?
y7;
11 (2-22)
«_PCikiyp
y =—F——
u
where,

k = Von Karman constant (=0.4187).

E = Empirical constant (=9.793).

U,= Mean velocity of the fluid at the adjacent cell centroid.
k,= Turbulent kinetic energy at the wall-adjacent cell centroid.

v, = Distance from the centroid of the wall-adjacent cell to the wall.

Also a logarithmic law for the mean temperature based on Reynold’s analogy between

momentum and energy transport is employed here as follows.
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2 V' <y
2 G =TPe,CilE_p r

(

(2-23)

11
T = Ty, —Tp)pc,Crik:

(

| Y >y (2-24)
= Pr, {—ln(Ey*)jt P}
K

where P is computed from the below formula

—0.007 Pr (2'25)
P=924|| — |-1 {1+O.286 Pr }

Two extra terms are added to the right hand side of equations 2-23 and 2-24 for the
compressible flow calculations [25]. In the above equations,

¢, = Specific heat of fluid

q= Wall heat flux.

T, = Temperature at the wall-adjacent cell centroid.

1, = Temperature at the wall.

Pr = Molecular Prandtl number.

Pr,= Turbulent Prandtl number (0.85 at the wall).
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2.1.4. Numerical technique

The governing integral equations for conservation of mass, momentum, energy or any other
scalar are solved in ANSYS-Fluent by means of a control volume based technique. In this
technique, first by using a computational mesh, the domain is divided into discrete control
volumes. In the next step, algebraic equations are constructed in order to find unknown
variables (pressure, velocity, etc.) by integrating the governing equations over the control
volumes. Then the discretized equations are linearized and solution to the resulting linear
equation system is sought [25]. A Pressure-based solver (SIMPLE scheme) is chosen for
pressure-velocity coupling in this work. In the pressure-based method by solving the
pressure equation, mass conservation of the velocity field is achieved. By using the
momentum and continuity equations, the pressure equation is constructed in such a way
that the velocity corrected by pressure satisfies the continuity equation. Figure 2.1 shows a
solution loop for segregated pressure-based algorithm in which governing equations are
solved sequentially [25]. The second order upwind differencing scheme is used to

determining the flow values at the cell faces.
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Figure 2.2 Solution loop for the Pressure-based segregated solver [25]

2.2. Dispersed phase

In this step, after the solution to the continuous phase is converged, solution to
disperse phase is obtained by injecting droplets/particles into the calculated flow field that

can exchange mass, momentum and energy with the continuous phase.
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Figure 2.3 Schematic of the phenomena involved in suspension droplet evolution in a real and a
model case [12]
In this approach, it is assumed that the dispersed phase has a low volume fraction compared
to the continuous one so that the particle-particle interaction can be neglected.
In this study in a way similar to [14] as is shown in the Figure 2.3, suspension is modeled
as a multi-component droplet carrying properties of zirconia and ethanol as the base
solvent. These droplets undergo break up and evaporation and each newly generated
droplet has the same concentration until ethanol is fully evaporated. The surface tension of
the suspension is assumed to be 20% more than that of the pure alcohol as far as the break
up is dominant [29]. The specific heat of the zirconia particles during melting is calculated

from equation 2-26,

C xAT=H, (2-26)

where in 2-26, C o is the particle specific heat, and H, , is the enthalpy of fusion of the

particle.
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Figure 2.4 Variation of the particles specific heat as a function of temperature.

In order to model melting of the particles, the heat of fusion of the zirconia particles was
embedded in its specific heat as shown in Figure 2.4, where in equation 2-26 A7 is assumed
to be 10 °C. In this study, the effect of radiative heat transfer is neglected. Moreover, due
to the small sized particles used in SPS, temperature gradients are neglected within the
particles and therefore lumped capacitance assumption is made here (Bi<0.1). Thus,

particles experience uniform temperature distribution at each integration step.
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Finally, by using the stochastic tracking model, the effect of turbulence on dispersion of
the particles has been investigated. This is accomplished by including the instantaneous

turbulent velocity fluctuation on particle trajectories.

2.2.1. Particle dynamics

Writing a force balance on a particle in Lagrangian reference frame will lead to

equation 2-27.

i, , (2-27)

=Fy(c 5,
dt P v/ P,

In equation 2-27, Fp (Ti — ﬁp) is the drag force per particle’s mass which can be obtained

from:

18 uC, Re (2-28)
o= g
pp p

where in 2-27 and 2-28:

u = Continues phase velocity.
i, = Particle velocity.

pp = Density of the particle.

d,, = Diameter of the particle.

The Reynolds number used in 2-28 is based on the relative velocity between the

fluid phase and the dispersed phase.
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pd, (o (2-29)

The drag coefficient used in equation 2.28 is obtained from the correlation proposed by

Morsi and Alexander [30],

a,  a, (2-30)

where a;, a, and az are constants and a function of Reynolds number as in [30].

Consequently, particle’s trajectory is then calculated by integrating equation 2-27.

2.2.2. Particle heat and mass transfer

The energy equation for a multi component particle is written as follows.

dT

dm, (2-31)
m,c,—=hA4,(T,~T,) +Z?(hfg,,.)

t

where:

m,, = Mass of the particle (kg)
. ) J
¢, = Heat capacity of the particle (—)
kg.k
Ap,= Surface area of the particle (m?)
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T, = Local temperature of the continuous phase (K)

Tp = Particle temperature (K)

. . w
h = Convective heat transfer coefficient (—; % )
m°.

J
h¢, = Latent heat (—
fg ( kg )

The convective heat (#) and mass (k, ), transfer coefficients are calculated based on

correlations proposed by Ranz and Marshall [31], [32].

hd 11 (2-32)
Nu==2=20+0.6Re} Pr’

k.d L1 (2-33)
Shyp =5 =2.0+0.6Re; Sc”

i,m

where

c
Pr = Prandtl number of the continuous phase ( ”Tﬂ )

k = Thermal conductivity of continuous phase (

w
=)

kc = Mass transfer coefficient ( 72 )
S

2
m
D, = Diffusion coefficient of vapor in the bulk ( —)
s

Sc = Schmidt number of continuous phase ( _H )

i,m
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The rate of the change of the droplet mass due to the evaporation is calculated from [33].

dm (2-34)
L=k A,p In(1+B
dt c Ppoo ( m )
In 2-34, B,, is the Spalding number and is calculated as follows [34],
Y-, (2-35)
m 1— Y’

where:
Y; s = Mass fraction of the vapor at surface

Y; = Mass fraction of the vapor in continuous gas

2.2.3. Droplet break up

Suspension droplets start to break up as they interact with the plasma flow. Since
the droplet Weber number when travelling inside the plasma core is in the catastrophic
break up regime (We~300), droplets are fragmented due to the presence of the Rayleigh-
Taylor and Kelvin-Helmholtz instabilities. Therefore, the KHRT break up model which is
a combination of Kelvin-Helmholtz waves induced by the aerodynamic forces and
Rayleigh-Tylor instabilities due to the acceleration of the newly formed droplets in the

flow stream is used to simulate the break up process as shown in the Figure 2.5%.

2 Extracted from http://www.math.mtu.edu/~tanner/Research/
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Figure 2.6 Liquid core formation and droplet atomization in the KHRT break up model [25]

KHRT model considers the presence of a liquid core near the nozzle exit region as shown
in Figure 2.6. Particles are shed from the original formed droplets and accelerated in the
flow as the liquid core diminishes [25].
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The wave growth at the droplet surface is calculated according to both of these instabilities.
Afterwards, break up happens based on the fastest growing instability on the droplet
surface. Inside the liquid core (as shown in Figure 2.6) only the aecrodynamic instabilities
are considered while outside the liquid core both of the Kelvin-Helmholtz and Rayleigh-
Tylor instabilities are present. The details associated with the droplet break up models are

described below.

Wave breakup model

In wave break up model, the acrodynamic instabilities are the result of the relative
velocity between the injected droplets and the gas flow.
The radius of the newly formed droplets due to the wave propagation is calculated based
on the wavelength of the fastest-growing unstable surface wave on the initial parent

droplet. In other words,

r= BA (2-36)

where B is a model constant set equal to 0.61 based on the work of Reitz [35]. Moreover,

the radius of the parent droplet changes according to,

da  (a—7) r<a (2-37)
dr T
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where, 7, is the breakup time given by,

__3.726 Ba (2-38)
AQ

The maximum growth rate and its corresponding wave length, 2 and A are calculated

from the following equations.

B 2(1+0.450h°'5)(1+0.4Ta°'7) (2-39)
a (1+0.87wel)"
( pd’ J _ (0.34+0.38%e;”) (2-40)
o ) (1+0h)(1+1.47a")

In the above equations, Oh and Ta are the Ohnesorge and Taylor numbers given by

equations 2-41 and 2-42 [35].

N2 (2-41)
Re,
Ta = Oh\|We, (2-42)

In equation (2-41) Re, is the Reynolds number [35],

2-43
Re=U 4 (&4
VI

and a is the liquid jet radius and v, is the dynamic viscosity of liquid. In addition, We, and

We, are the liquid and gas Weber numbers, respectively, given by equations 2-43 and 2-

44,
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a (2-44)

a (2-45)

In equations (2-43) and (2-44) p, is the liquid density, p, is the gas density and U 1is the

relative velocity between liquid and gas.
A new parcel is added to computation when the mass removed from the parent droplet
reaches 5% of the initial parcel mass. The new parcel would have the same properties such

as temperature, material, position, etc. except for the radius and velocity [25].

Rayleigh-Tavylor breakup model

The Rayleigh-Taylor (RT) model is based on wave instabilities formed on the
droplet surface induced by the acceleration of the droplet in the flow field. Similar to the

Kelvin-Helmholtz model the droplet break up is related to the fastest growing wave

frequency (€, ) which is computed by,

3 (2-46)
2(_gf (pp— pg))z

3@('%_ pg)

QRT =

where g, is the acceleration of droplet in the direction of the droplet motion [25]. The wave

number K, , is calculated by equation 2-47,

RT >
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B B (2-47)
KRT=\/ g (- »,)

30

Droplet break up happens once the RT waves grow for a time greater than the breakup

time, Tgy,
C. (2-48)
Trr = 0

C_ is the Rayleigh-Taylor break up time constant equals to the value of 0.5. Until the

predicted wave length is smaller than the local droplet diameter, the wave growth is
tracked. The radius of local child droplets is calculated according to [25],

7 Cyy (2-49)
K

RT

re

where Crr is the break up radius constant with a default value of 1.

2.3. Geometry and boundary conditions

The simulated plasma torch is a 3MB Oerlikon-Metco Gun with a 20 mm long
anode and a 6mm diameter exit nozzle. A constant volumetric heat source located inside
the torch is added in the energy equation to account for the plasma heat generation. This
energy source is calculated from:

o mEl (2-50)
p V
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where E, I, V,n, are arc voltage, current, anode volume and thermal efficiency,

respectively. The gun thermal efficiency is assumed to be 60 % in this study.

Plasma gun

operating conditions

Arc current (A) 500
Arc voltage (V) 65
Ar_H, mass flow rate (gr/s) 1.48

Table 2.1 Plasma gun operating conditions

Property Units Molten Zirconia Ethanol
Density kg/m3 5680 789
Specific heat J/kg.K 1387 2470
Surface Tension N/m 1.5 0.0223
Melting point K 2988
Boiling point K 5273 351
Viscosity m2/s 6.5x107° 1.2x 1073
Melting latent heat J/kg 707 x 103
Boiling latent heat J/kg 9 x 10° 855237

Table 2.2 Materials thermo physical properties

38



The plasma gas is considered as a mixture of Argon and Hydrogen (10% volume fraction),
and the plasma gun operating conditions are shown in Table 2.1.

At the inlet, boundary conditions are set as mass flow rate. In addition, turbulence at the
inlet is incorporated by turbulence intensity (4.5%) and hydraulic diameter. The
temperature at the torch walls is fixed at 300 K due to the effect of water cooling around
it.For the side and outlet boundaries pressure inlet and pressure outlet conditions are used

The aim of this study is to investigate the effect of obstruction of flat and curved substrates
on the gas flow and particle characteristics. To do so, a flat substrate with dimensions of
25x25x2 mm?® and an 80 mm long cylinder with a diameter of 25 mm (Figure 2.7)

representing the curved substrate are used.

Figure 2.7 The schematic of plasma flow and substrate configuration (flat and curved substrates)

A fixed wall temperature of 700 K [15] for both substrates is applied since the interaction
time between the gas flow and the substrate is insignificant. At the solid walls, standard
wall functions are used to predict the thermal and velocity boundary layers. Moreover, it
is assumed that particles colliding with the substrates stick to the surface. The thermo-

physical properties of particle/droplet materials are presented in Table 2.2. An example of
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computational domain for the case of cylindrical substrate is shown in Figure. 2.8. The
computational domain contains 800,000 hexahedral cells which are locally refined in the

plasma core area to capture large plasma temperature and velocity gradients.

(L8]

g

Figure 2.8 Computational mesh and geometry
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3. Results

In this chapter

In this chapter, numerical results for continuous and disperse phases with and
without the inclusion of the substrates are presented. Effect of changing numerous factors
such as substrate standoff distance, curvature and suspension mass flow rate on in-flight

particle characteristics are discussed.
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Since the level of the solution convergence can be determined by the residual values,
throughout this study the required residual value is set to less than 107® for the energy
equation and 10™> for the other equations. Moreover, special attention was paid so that an
overall balance for the momentum, energy, mass and other scalars are achieved throughout

the domain.

3.1. Gas flow modeling

3.1.1. Free jet

In order to simulate SPS process, first a free jet model without the inclusion of
substrate is required. A free jet is categorized by three different zones as illustrated in
Figure 3.1. The first zone is called potential core where the velocity of the jet is the same
as the velocity at the nozzle exit and remains constant within this zone. Parameters such as
turbulence intensity or velocity distribution can affect the length of potential core which
may extend by 6-7 diameters of the jet [36]. The presence of shear stresses in the second
zone (developing zone) leads to the turbulence generation at the jet boundary and
consequently enhances mixing of the jet with the surrounding gas and decelerate the flow.
In the last zone (fully developed zone), velocity is considered in a fully developed
condition. Figure 3.2 (a) and (b) show the contours of plasma temperature and velocity at
the symmetry plane. Figure 3.2 (a) shows a high temperature plasma core exhausting in to
atmospheric air at 300 K. Plasma gas is generated by heating up the incoming gas flowing
through the embedded source inside the torch. Along the jet centerline, plasma gas starts

to cool down due to the mixing of the high temperature plasma with the
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Figure 3.2 Plasma gas (a) temperature and (b) velocity contours

surrounding cold air. Figure 3.2 (b) shows the deceleration of the high velocity plasma gas
along the centerline as a result of the presence of the shear stress and mixing of the
exhausting high velocity jet with the surrounding air. Furthermore, in order to validate the
plasma flow model, the result of this study is compared with the numerical study in [15]
which is referred to as the stationary case and also the experimental work of [26] and [27].
In [17], the authors used the modified k-¢ classical turbulence model proposed by Bolot et
al. [10] to model the plasma flow. The experiment in [26] is based on using the
spectroscopic measurements for the highest temperature and enthalpy probe for the lowest
ones. In addition in [27], velocity was measured by plasma light fluctuation measurements.
Figures 3.3 and 3.4 show the evolution of temperature and velocity of the plasma gas along

the torch axis which is in good agreement with numerical and experimental works
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Figure 3.4 Plasma axial velocity along the centerline
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mentioned above. The difference between the thermal efficiency considered in this work
(60%) and the work of [17] (50%) is assumed to be the reason for maximum temperature

discrepancies as it can be seen in Figure 3.3.

3.1.2 Mesh dependency test

In order to examine the sensibility of the solution to the grid size, a grid refinement test has
been carried out in this section. This test is performed only for the continuous phase without
the presence of a substrate. Two levels of grid size are chosen for this study, a coarse grid
with a total of 502,604 elements and a fine grid with a total element number of 3,920,312
in which the number of nodes in each coordinate is roughly doubled. Figure 3.5 shows the
solutions for the evolution of velocity and temperature of the free stream along the
centerline for these two cases. As it is apparent from Figure 3.5, mesh refinement has not
resulted in significant change between the two solutions. The largest difference between
the solutions of these two grids is less than 4 % in the worst case condition. Therefore,
because of the large computational time and cost related to the fine grid, the coarse grid is

used in this study.
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Figure 3.5 Effect of the grid refinement on (a) temperature and (b) velocity of the free jet.
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3.1.3. Flat substrate

The focus of this study is to investigate the effect of the substrate and its curvature
on in-flight particles trajectories especially at the vicinity of the substrate. To do so, in the
first step, the effect of obstruction of a flat substrate at different standoff distances of 4 and
6 cm (D =4 cm, D = 6 cm) on plasma gas flow and in-flight particle trajectories is
investigated. Figure 3.6 shows that as the flow approaches the flat substrate, its axial
velocity decreases rapidly and forms a region called stagnation region. Eventually, the
plasma gas is brought to a complete stop at the stagnation point which leads to a pressure
increase in the stagnation region. The gas flow enters the wall jet region after turning and
moves in the radial direction. The pressure decreases as the flow accelerates from the
stagnation region parallel to the flat substrate to the wall jet region. The evolution of plasma
temperature for the flat substrate at two different standoff distances is also evident in Figure
3.7. Figure 3.8 shows the stagnation pressure on the flat substrate as a function of standoff
distance. It is evident from Figure 3.8 (a) and (b) that by increasing the standoff distance
from D=4 cm to D = 6 cm, due to flow deceleration, the stagnation pressure has decreased
and a weaker stagnation flow region is formed at the vicinity of the flat substrate. Thus, it
can be expected that due to the increase in stagnation pressure in the case of shorter standoff
distance the particles that are traveling in the plasma fringes are susceptible to these

pressure changes.
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Figure 3.6 Plasma velocity contours for the flat substrate case at standoff distances of D =4 cm and D = 6
cm.
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Figure 3.7 Plasma temperature contours for the flat substrate case at standoff distances of D =4 cm and D

=6 cm.
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Figure 3.8 Stagnation pressure on a flat substrate located at standoff distances of (a) 4 and (b) 6 cm
(dimensions in the above figure are in meters)

51



3.1.3. Curved substrate

The effect of the substrate curvature on the flow is investigated by obstruction of a
cylinder which will be referred to as the curved substrate in this study.
It can be observed from Figure 3.9 that, near the substrate, the flow is diverted along both
the circumference and the axis of the cylinder which results in the formation of a wall jet.
Figure 3.9 also shows the transition of the free jet region to the stagnation zone near the
cylinder and eventually to the wall jet region after turning further downstream of the
nozzle. The evolution of the plasma gas temperature impinging on the curved substrate is
also shown in Figure 3.10.
The radius of curvature of the cylinder and its effect on the flow pattern is expected to
affect the landing location of the particles. Therefore, these phenomena are expected to
decrease the deposition efficiency of the curved surface and will be investigated further in

this study.
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Figure 3.9 Plasma velocity contours for the curved substrates case at standoff distances of D =4 cm and
D=6cm
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Figure 3.10 Plasma temperature contours for the curved substrates case at standoff distances of D =4 cm
and D=6 cm
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3.2. Particle phase

In order to verify the multicomponent heat transfer, a case is created in which a 40
micron droplet containing zirconia (%10 wt.) and ethanol is used. Droplet is located at the
center of the nozzle exit plane inside a steady undisturbed plasma flow. For simplicity in
this case, droplet break up is not considered. Figure 3.11 shows the evolution of the droplet
temperature as a function of time while the droplet is traveling inside the plasma. Figure
3.11 (a) indicates that, after the ethanol is evaporated, the particle temperature increases
up to nearly 4000 K and then starts to cool down as it continues its path along the centerline.
In order to capture the melting of the zirconia particle, flow time step is decreased in
another case as demonstrated by Figure 3.11 (b). In this Figure, the first plateau represents
the time that is needed for the evaporation of the ethanol and the second plateau
corresponds to the melting of the zirconia particles which occurs faster compared to
evaporation of the ethanol. The second part of this project is dedicated to the modeling of
the suspension injection and its interaction with the plasma jet. To do so, in this study
instead of injecting suspension in form of a continuous jet, a train of fragmented droplets
with a uniform size of 150 um (same as the injector) diameter and velocity of 30 m/s are
injected radially with a backward angle of 8 = 14° with respect to the normal plane to the
plasma plume (as shown in Figure 3.12). Droplets are injected with a sequence of 3.2 us
to provide the same suspension mass flow rate used in the experimental setup (0.5 gt/s).
Figures 3.13 and 3.14 show the particles trajectories and their temperature distributions in
space after they interact with the plasma jet. Suspension droplets are injected in three
different cases: 1) in a free jet (Figure 3.13), 2) with the inclusion of a flat substrate (Figure

3.14-a) and 3) with the inclusion of a curved one (Figure 3.14-b).
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Figure 3.11 Evolution of the temperature of a 40 um particle as a function of time

These distributions are accompanied by the plasma gas temperature contour to examine the
interaction between plasma gas and injected droplets at the same time. The particle size in
above mentioned figures represents the original particles size magnified 400 times. Figure

3.13 shows the suspension injection into a free jet and inflight particles trajectories that are
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traveling along the plasma gas without feeling any disturbance caused by inclusion of

substrate.

Droplets - Jet

{1

Figure 3.12 Schematic suspension injection into the plasma plume

It can be observed that those fine particles (~0.5-2 um) that are located near the torch
centerline gained higher temperature comparing to the rest of the particles that are traveling
in the fringes of the plasma plume. Particles that are traveling in the fringes of the plasma
are those that do not penetrate deeply in the plasma plume and consequently stay in larger

sizes compared to the rest.
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Figure 3.13 Plasma temperature contours with particle temperature injected in free jet (dimensions in the
above figure are in meters).

Moreover, the effect of insertion of a flat and a curved substrate on inflight particles are
shown in Figure 3.10 (b), (c) respectively. It should be noted that the trajectories of smaller
sized particles (below 2 um) are more influenced by the change of the flow pattern caused
by the insertion of substrate as it can also be seen in Figure 3.14 (a) and (b). These small
particles also gain higher temperature compared to the larger ones.

It should also be noted that most particles pass over the upper part of the flat and the curved
substrate indicating that suspension injection conditions are not optimal. Due to the high

melting point of zirconia particles (around 3000 K) many of them do not become fully
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Figure 3.14 Plasma temperature contours with particle temperature including (a) flat and (b) curved
substrate located at D = 4 cm(dimensions in the above figure are in meters).
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Figure 3.15 Particle normal velocity upon impact on (a) flat and (b) curved substrate (dimensions in the
above figure are in meters).
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molten before striking on the substrate (see in Figure 3.14 (a) and (b)) which can result in
rather small deposition efficiency. Figure 3.15 shows particles’ normal velocity
distribution 10 mm away from the nozzle exit as they are traveling along the centerline
toward the substrates as seen from the nozzle exit position. Figure 3.15 demonstrates three
different zones for particles velocity. A high velocity zone (500-800 m/s) for particles that
are close to the centerline, a low velocity zone (~100 m/s) containing particles that are
surrounding the plume rather than being inside it and between them there is an intermediate
velocity zone in which particles are traveling inside the plasma plume with velocities of
200-400 m/.It would be expected that the quality of the resultant coating would decrease

as the number of the particles in the low velocity zone increases.

3.2.1. Effect of changing the standoff distance

In this section, effect of changing the flat substrate standoff distance (D =4 cm and D =6
cm) on particles’ characteristics in the vicinity of the substrate is discussed.

Figures 3.16 and 3.17 show the particles’ landing location, temperature, normal velocity
and a size scale in a 25x25%0.2 mm? rectangular box located in front of the flat substrate
at 4 and 6 cm standoff distances. By inspecting the results at D = 4 cm, it is evident that
high temperature (molten) and high velocity particles are traveling close to the centerline.
These particles cool down and decelerate by increasing the standoff distance (D = 6 cm).
Particles with relatively low temperature and velocity correspond to the suspension drops
that do not penetrate efficiently into the plasma plume and are travelling in low-temperature

zones that surround the plasma plume.
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Figure 3.16 Landing location, particle temperature and size distributions on the flat substrate for standoff
distances of (a) D =4 and (b) D = 6 cm (dimensions in the above figure are in meters)
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63



60
50
40
Frequency % 3o
20

10

1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500
Particle Temperature (K)

50
40
30

Frequency %

20

10

0 50 100 150 200 250 300 350 400 450 500 550

Particle Normal Velocity (m/s)

50
40
30
Frequency %
20

10

o
o
[%,]
[any

1.5 2 2.5 3 3.5 4

Particle Diameter (um)

Figure 3.18 Quantitative analysis on the temperature, velocity and diameter of sprayed particles landing on
the surface of a flat substrate at standoff distances of D =4 cm
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Figure 3.19 Quantitative analysis on the temperature, velocity and diameter of sprayed particles landing on
the surface of a flat substrate at standoff distances of D = 6 cm
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Consequently, these particles may generate defects in the produced coatings by SPS. The
deviation of particles from the center is much more evident for the case at 6 cm standoff
distance. Based on the observations above, it can also be expected that denser coatings will
be produced at a shorter standoff distance (4 cm) as compared to 6 cm.

In order to perform a quantitative analysis on the particle data landing on the surface of the
flat substrate, a surface (25mmx25mm) located on the front surface of the flat substrate is
chosen. Data corresponding to the particles that reach this surface at two standoff distances
of the 4 and 6 cm were recorded and are illustrated in Figure 3.18 and Figure 3.19. Figure
3.18 shows that more than 30% of the incident particles on the flat substrate are in a molten
state. The high melting point of zirconia and, evaporation of zirconia particles are examples
among numerous factors that have influence on the quantity of molten particles. As it can
be seen from Figure 3.19, particles’ temperature dropped below the melting point by
increasing the standoff distance to D = 6 cm. Deviation of particles from the centerline
along with rapid decrease in plasma gas temperature could explain the presence of the high
number of non-molten particles in the case of D = 6 cm. Figure 3.18 and Figure 3.19 also
illustrate the particle normal velocity distribution at both spray distances. As shown in these
figures, the particles will impact the flat substrate with higher normal velocity at D =4 cm
compared to D = 6 cm. This is expected since the plasma axial velocity decreases along
the centerline as standoff distance increases. Consequently, particles would decelerate by
increasing the standoff distance and hit the surface with lower normal velocity. Moreover,
Figure 3.18 shows that the most probable particle diameter range is 1 -1.5 um for incident
particles at D = 4cm. However as it can be seen in Figure 3.19, at D = 6 cm the diameter

distribution shifts slightly to higher values. As seen above, particles at longer standoff
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distances acquire lower normal velocity, therefore smaller particles tend to deflect more
which results in a larger size distribution on the substrate at D=6 cm.

Consequently, from the discussion above it can be concluded that particles at 4 cm standoff
distance contribute more in creating a uniform coating by having higher temperature and
velocity compared to the case at a standoff distance of D=6 cm. It was also observed in the
relevant experimental tests that a better coating quality is obtained at around 4 cm standoff

distances [37].

3.2.1. Effect of changing the suspension mass flow rate

This section is dedicated to the investigation of the effect of changing the
suspension mass flow rate on in-flight particles’ trajectories and properties in the case with
an obstruction of a flat substrate located at 4 cm standoff. Figures 3.20 and 3.21 show the
effect of increasing the suspension mass flow rate by 25% and 50%, respectively for cases
(b) and (c) as shown in Table 3.1. By inspecting Figures 3.20 and 3.21, it is evident that in
cases (b) and (c) increasing the mass flow rate has increased the penetration depth of the
injected suspension droplets into the plasma due to the increase in their momentum.

Furthermore, comparing to case (a), case (b) shows a higher penetration depth and as a

Case Mass flow rate (g/s)

a 0.5
b 0.625
c 0.75

Table 3.1 Suspension mass flow rate (a) 0.5, (b) 0.625 and (c) 0.75 g/s
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consequence of a more severe fragmentation of the droplets, smaller particle size
distributions are obtained in Figures 3.20 (b). Another important observation from Figures
3.20 and 3.21 is that the quantity of cold particles which corresponds to those that did not
penetrate inside the plasma gas has significantly decreased. In addition, since the particles
are closer to the centerline in case (b), they will acquire higher normal velocities compared
to case (a) which results in a lower residence time in the plasma jet. Moreover, increasing
the suspension mass flow rate has shortened the length of the plasma plume or, in other
words, the plasma jet has cooled down compared to case (a) as it can be seen in Figures
3.20 (b) and 3.21 (c). This could weaken the positive effect of the higher penetration depth
on the particles’ temperature and velocity. Case (¢) shows the example of an excessive
increase in suspension mass flow rate. From Figure 3.21 (¢), it is apparent that too much
suspension penetration into the plume has significantly cooled down and disturbed the

entire plasma high temperature core.
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Figure 3.20 Plasma temperature contours with temperature of the injected particles in case of flat substrate
with mass flow of (a) 0.5 and (b) 0.625 g/s at D = 4 cm(dimensions in the above figure are in meters)
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Figure 3.21 Plasma temperature contours with temperature of the injected particles in case of flat substrate
with mass flow of (a) 0.5 and (c) 0.75 g/s located at D = 4 cm(dimensions in the above figure are in meters)
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Figures 3.22, 3.23 and 3.24 show a comparison between the temperature, velocity and
diameter of the landed particles on the substrate in these three cases. By comparing these
figures, it is evident that overall, higher temperature and velocity distributions are obtained
in case (b) compared to cases (a) and (c¢) which makes case (b) an optimal condition for
suspension injection. This is due to the better penetration of the injected particles into the
plasma plume and the fact that they are traveling closer to the high temperature and velocity
plasma core. Moreover, in case (a), penetration of the suspension is not adequate so
particles gained lower temperature and velocity compared to case (b). However, in case (c)
since the length of the plasma has considerably shortened, the number of particles that are
traveling inside the plasma plume is reduced. This would decrease the interaction time of
the droplets with the jet and consequently decrease their temperature and velocity which
would lead to a poor coating deposition efficiency on the substrate. Increasing the
suspension mass flow rate as stated before resulted in a smaller particle size distribution as
it can also be seen from Figure 3.24. As noted before, the radius of the newly born droplets
is related to the growing instabilities on the droplet surface. The presence of higher
instabilities on the droplet surface in the cases (b) and (c) due to more severe interaction of
the suspension with the plasma has led to smaller child droplets and consequently smaller
particle size distribution compared to case (a).

From the above discussion, it can be concluded that there should be an optimum value of
the mass flow rate above which suspension would cool down the plasma core leading to

low temperature and velocity distribution and consequently poor coating quality.
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Figure 3.22 Temperature of landing particles injected in the case of flat substrate located at D = 4 cm with
mass flow rates of (a) 0.5, (b) 0.625 and (c) 0.75 g/s
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3.2.2. Effect of substrate curvature

In the next step for the curved substrate located at the standoff distance of 4 cm, a surface
with length L that covers the front surface of the cylinder as shown in the Figure 3.25 is
chosen to record the data associated with particles landing on the substrate. Similar to the
case of the flat substrate, quantitative analyses on landed particles on the curved substrate
is performed and results are compared with data for the flat substrate located at the same
standoff distance. By inspecting the number of the incident particles in these two cases (flat
and curved substrates) during a fixed time interval (At = 1ms) , it is interestingly
observed that particles hit the flat substrate nearly 2.2 times more frequently compared to
the curved one. Based on this observation a parameter called “Catch Rate” is defined by

the following equation:

mass of landed particles in At (3-1)

Catch Rate (%) = x100

mass of injected particles in At

Figure 3.25 Acquisition data region on the curved substrate
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The observed catch rate on the flat substrate is 23% while it decreases to 11% on the curved
substrate. This significant catch rate decrease on the curved substrate would result in a
much lower amount of coating deposition on the curved substrate.

In addition, it is expected that the normal component of the particle impact velocity has a
major influence on the deposition of the particles landing on a flat substrate. Using the
same analogy, the distribution of the particle normal velocity components, V,, is
investigated in this study for the curved substrate. This is further explained with the

schematic view shown in Figure 3.26.
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Figure 3.26 Particle normal velocity on flat and curved substrates

The results for particles’ normal velocity distribution for the two different substrates (flat
and curved) at D =4 cm as a cumulative percentage is illustrated in Figure 3.27. This figure
indicates that particles tend to hit the flat substrate with a slightly higher normal velocity

compared to the curved substrate. Figure 3.28 presents a comparison between particle
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temperatures landing on the two different substrates located at 4 cm standoff distance. The
increase in the quantity of molten particles landed on the curved substrate could be due to
the milder turning of the flow around the cylinder. Furthermore, the distribution of the
particle landing location on flat and curved substrates at D = 4 cm along the distance (S as
shown in Figure 3.26) were calculated. Then these results are compared to the results of
the free jet case in which particles are going through an imaginary plane located at the same
distance and dimensions as the flat substrate (25x25 mm?). These results are shown in
Figure 3.29 as a function of cumulative percentage which is calculated based on the number
of the particles. It also should be noted that in Figure 3.29, the number of landing particles
on the two substrates is normalized based on the number of particles passing through the
imaginary surface in the free jet case. As shown in Figure 3.29, in the absence of substrates
(i.e. free jet case) more than 40% of in-flight particles pass the imaginary plane at S

between 0-2 mm.
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Figure 3.27 Cumulative particle normal velocity on flat and curved substrates at D =4 cm

77



60
50
Flat Substrate 0
Frequency % 30

20

10

0
1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500

Particle Temperature (K)

60
50

Curved Substrate 40
Frequency % 30

20

10

0
1500 1700 1900 2100 2300 2500 2700 2900 3100 3300 3500

Particle Temperature (K)

Figure 3.28 Temperature of landing particles injected in the case of flat and curved substrate located at D =
4 cm

According to Figure 3.29, adding a flat substrate scatters these in-flight particles from the
centerline, shifts the pick of the graph to S values of 2-4 mm and induces a wider

distribution in S direction of the particle landing location.
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Figure 3.29 Distribution of the particle landing location in case of free jet, curved substrate and flat
substrate at D=4 cm as a function of distance along the surface, S

In the case of the curved substrate most of the in-flight particles hit the curved substrate at
location of 2-4 mm (10°< 6 < 20°) and as we move along the surface (in the S direction)
the number of landed particles decreases rapidly compared to the flat substrate and the free
jet. Comparing the number of the landed particles on the curved substrate with the other
cases in Figure 3.29, it is evident that a lower deposition rate is going to be obtained on the
curved substrate compared to the flat one. The difference between Figure 3.29 and the
calculated catch rates arises from the fact that the definition of the catch rate is based on
the mass of the particles while in Figure 3.29 values are based on the quantity of them. It
is important to note that although the catch rate of the cylinder is half of that of the flat
substrate, the formation of a weaker stagnation pressure on the curved substrate will result
in higher impact particle velocity specifically near the centerline.
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4. Conclusion and
future work

In this chapter

In this chapter, the conclusion of this study will be presented. In addition,

future work will be discussed.
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A 3D numerical modelling has been carried out to investigate the effect of substrate and
its’ shape on in-flight particle properties and trajectories. In the first step, a constant energy
source is used to model the plasma flow and the results are compared with relevant
experimental and numerical studies.

This study is based on a two-way coupled Eulerian-Lagrangian approach in which the
solution to the gas phase obtained earlier is used for the discrete phase part. Among various
available turbulence models the Reynolds Stress turbulent Model (RSM) is utilized instead
of Boussinesq hypothesis since it solves all the Reynolds shear stresses. In order to model
the dispersed phase, discrete phase method is used in which a large number of particles are
tracked while they can exchange mass, momentum and energy with the plasma gas.
Transport of suspension into the plasma plume involves complex phenomena such as
droplet penetration and fragmentation. For modeling the droplet fragmentation due to the
existence of the catastrophic break up mode, Kelvin-Helmholtz and Rayleigh-Taylor
(KHRT) instabilities are utilized to model secondary atomization.

Since one of the aims of this work is to investigate the effect of substrate on particles’
characteristics, different cases were studied to take into account the inclusion of substrate.
In all these cases, temperature, velocity and size distribution of the landing particles were
studied. Results of these investigations revealed that particles tend to have higher normal
velocity and temperature and lower sizes at 4 cm standoff distance compared to 6 cm
standoff distance. Consequently, a higher deposition is expected in lower standoff distance
D =4 cm compared to D = 6 cm which is in good agreement with the experimental
observation [36]. In addition, the effect of increasing the mass flow rate of the suspension

on in-flight particle characteristics were investigated. It is observed that increasing the
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suspension feed rate led to a better fragmentation of droplets and resulted in an increase in
particle temperature and velocity. However, it was shown that there is an optimum value
for the feed rate. Excessive increase in the suspension mass flow rate was found to disturb
the plasma high temperature potential core, result in low particle temperature and velocity
and consequently lead to a poor deposition efficiency. Finally, the effect of changing the
substrate’s curvature on particles’ deposition was investigated. It was found that, for a fixed
time interval, particles hit the surface of the flat substrate 2.2 times more frequently
compared to the curved substrate. Based on this finding a new parameter called “Catch
Rate” was introduced.

Special attention was paid in this study to investigate particles impact velocity based on
their normal component. A higher normal velocity is observed on the flat substrate
compared to the curved substrate as expected. Furthermore, particles’ landing location as
a function of the distance along the surface were calculated and compared for three cases
of free jet, flat and curved substrates. It was observed that most of the particles tend to hit
the surface of the cylinder at angles between (10° < 6 < 20°) and above this range, particles
will pass over the curved substrate without striking on it. It was also concluded that the
formation of a weaker stagnation pressure on the curved substrate would result in a higher
impact velocity in the stagnation region compared to the flat one.

The quantity and level of complexity of the phenomena involved in suspension plasma
spraying (plasma flow generation, liquid-jet interaction, particles agglomeration and
solidification and etc.) have made it difficult to find a global numerical model which is

capable of simulating the whole SPS process at once. However, there are some future steps
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which can improve and strengthen the capabilities of this model. Some of these steps are

summarized as follows,

Due to the arc movement inside the torch, plasma flow has transient nature and is
unsteady. As it can be seen in this study, this model has successfully captured the
particles’ characteristics by assuming an average condition (power) for the plasma
gas which is in reasonable agreement with the experimental measurements.
However, finding a model that can best describe the arc attachment along with its
movement inside the plasma gun could improve this work.

Plasma gas can be modeled in Non Local Thermodynamic Equilibrium (NLTE)
condition instead of LTE assumption.

In this study, it was assumed that suspension is leaving the injector as equally sized
uniform droplets. However, in reality, the suspension is leaving the injector as a
liquid jet that is further fragmented to droplets due to the primary atomization.
Therefore, modeling the primary atomization as future work could give a more

accurate size distribution for the fragmented droplets.
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