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This article presents a review of the current state-of-the-art in modeling of liquid chemical precursor
droplets and particles injected into high-temperature jets in the form of DC-arc plasmas and high-
velocity oxy-fuel flames to form coatings. Conventional thermal spray processes have typically utilized
powders that are melted and deposited as a coating on hardware surfaces. However, production of
coatings utilizing liquid precursors has emerged in the last decade as a viable alternative to powder
deposition. Use of liquid precursors has advantages over powder in terms of their relative ease of feeding
and tailoring of chemical compositions. In this article, we review the modeling approaches to injection of
liquid precursors and particles into plasmas and high-velocity oxy-fuel flames. Modeling approaches for
the high-temperature DC-arc plasma and oxy-fuel flame jets are first reviewed. This is followed by the
liquid spray and droplet level models of the liquid precursors injected into these high-temperature jets.
The various knowledge gaps in detailed modeling are identified and possible research directions are

suggested in certain areas.

Keywords HVOF coatings, HVOF process, plasma spray
forming, spray deposition, TS coating process

1. Introduction

Production of high-value materials in the form of
powders and thin coatings is a large multibillion dollars
manufacturing enterprise around the world. Specific
functional materials have been synthesized by different
processes including spray drying and pyrolysis (Ref 1) as
well as combustion and plasma processing (Ref 2). Among
the different processing techniques, plasma and high-
velocity oxy-fuel (HVOF) flame jet techniques (Ref 2)
have been successfully employed for generation of high-
value protective coatings on hardware components such as
thermal barrier coatings on gas turbine blades and corro-
sion and wear resistant coatings in other applications. In
all these, a powder of the coating material is typically
heated in a plasma or HVOF flame jet to deposit partially
or fully molten particles onto a substrate forming a thin
coating (Ref 2). The velocity and temperatures generated
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by DC-arc plasma and HVOF flame systems span differ-
ent ranges and therefore each system is appropriate for
different applications. DC-arc systems create plasma jets
that have nozzle exit velocities of several hundred meters
per second and gas temperatures exceeding 10000 K. On
the other hand, HVOF systems produce supersonic gas
speeds at the nozzle exit of several kilometers per second
and temperatures between 4000 and 6000 K depending on
the fuel and oxidizer used.

An alternate route to the typically employed powder
injection process into a plasma or HVOF jet is the injection
of a liquid spray composed of droplets containing the dis-
solved salts of the materials to be deposited (Ref 3-6). In
this case, droplets injected into a high-temperature plasma
or HVOF environment vaporize and concentrate the salt
solutes followed by heterogeneous and/or homogeneous
nucleation of solid intermediates, their chemical transfor-
mations and melting before deposition on a substrate sur-
face. This in situ processing of liquid precursor containing
droplets in a high-temperature environment critically
determines not only the chemical make-up of the generated
coatings but also its microstructural characteristics
depending on the thermal, chemical and physical processes
that occur at the droplet scale. For example, depending on
the heating rate of droplets and the nature of precipitation
during heat-up and vaporization phases, different particle
morphologies can be obtained including solid particles,
hollow shells, and fragmented shells as schematically
shown in Fig. 1. When droplets are small and the solute
diffusivity is high, increase of solute concentration occurs
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Nomenclature
Apore  total area of the pores u gas or plasma velocity in the x direction
a,b stoichiometric coefficients in Eq 5 u velocity vector
Bi Biot number axial velocity of the droplet
Cp drag coefficient U axial plasma velocity
Cpa specific heat Ta droplet temperature
d diameter of the droplets n radius of the liquid core
Dy, mass diffusivity of the vapor phase into plasma B non-dimensional surface regression rate = f§ %‘;—’T
Dy mass diffusivity of zirconium acetate into water % gas or plasma velocity in the y direction
e internal energy Vpore  velocity of vapor venting through the pore
Gy turbulence kinetic energy generation due to mean V., Vy liquid phase velocities within droplet
velocity gradient ) thickness of the shell
h heat transfer coefficient 7] differential operator
hyy latent heat of vaporization for liquid v gradient operator
H total enthalpy b4 mass fraction in the before precipitation regime
J; species mass flux vector As mass fraction in the liquid core after precipitation
Jr heat flux vector regime
k thermal vector conductivity % nondimensional mass fraction, ¥ = (x — %0)/%o
Kn Knudsen number, Md n nondimensional radial coordinate, n = r/r;
Le Lewis number, Le=0o/D v kinematic viscosity
m mass flow rate at the droplet surface due to Y ratio of specific heats in Eq 13-18
vaporization n dynamic viscosity
P pressure p density
Pe Peclet number T nondimensional time, ©T = ot/ r%
Dv vapor pressure inside the solid shell A mean free path of gas molecules, oy
Do pressure outside the droplet o, o inverse effective Prandtl number for k and ¢
Pr Prandtl number, Pr=v/a respectively
0. conduction heat flux & flattening factor
o} radiation heat flux 0 spherical polar angle in droplet coordinates
oL heat transfer rate into the droplet surface
Ts instantaneous outer radius of the droplet .
_ . . . _ Subscripts
Ts nondimensional radius of the droplet, 7s = rs/ry
R universal gas constant 0 initial value
Rey Reynolds number based on droplet radius and 0 total property in Eq 13-15
relative velocity between the plasma and droplet LLL liquid phase
M Mach number v vapor phase
Nu Nusselt number o far field
t time p particle
T temperature g gas phase
T nondimensional temperature, T = (T — Ty)/ Ty s splat or surface

uniformly throughout the droplet, leading to volumetric
precipitation and consequently forming solid particles as
shown as path (A) in Fig. 1. When rapid vaporization
occurs on the droplet surface and the solute diffusivity is
low such that a high solute concentration builds up around
the droplet periphery, as shown in path B in Fig. 1, there
could be different outcomes including fragmented shells
(B-I) as a result of internal pressurization for low vapor
permeability through the formed shell, hollow spherical
shells (B-II) for the case of high permeability through the
shell, or rapid disintegration of the shell containing some of
the liquid leading to secondary atomization (B-III) as a
result of rapid internal pressurization and shell rupture.
Another path is that of formation of a plastic shell that
inflates due to internal liquid vaporization and eventual
rupture and collapse of the deformed shell (path C in
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Fig. 1). The morphology of the formed deposits and coating
microstructure is naturally affected by the produced par-
ticle morphologies and their impact conditions that form
the coating. In this review article, we first survey the
modeling studies on DC-arc plasmas and HVOF jets. This
is followed by presentation of particle and droplet level
models, precursor chemistries and precipitation Kinetics as
well as some results from previous modeling studies.

2. Thermo-Fluid Modeling of DC-Arc
Plasmas

DC-arc plasmas employed in thermal spray applica-
tions (Ref 2) utilize a continuous arc break-down in a gas
mixture flowing between the anode and cathode of a
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Fig. 1 Solute containing droplet vaporization and precipitation routes: (A) uniform concentration of solute and volume precipitation
leading to solid particles; (B) supersaturation near the surface followed by (I) fragmented shell formation (low permeability through the
shell, (II) unfragmented shell formation (high permeability), (III) impermeable shell formation, internal heating, pressurization and
subsequent shell break-up and secondary atomization from the internal liquid; (C) elastic shell formation, inflation and deflation by solids

consolidation

plasma generator as schematically shown in Fig. 2. Ionized
gases from the feed gas stream (Ar, He, N,, H, mixtures)
emerge from a plasma nozzle assembly at high velocities
of the order of several hundred meters per second and
temperatures exceeding 10000 K (Ref 7). Modeling of
these high-temperature gases containing ionized and
neutral species and electrons constitutes a very challeng-
ing task. Literature contains significant amount of work on
thermo-fluid modeling of DC-arc plasmas (Ref 8-25). The
detailed simulations include numerical solution of the
chemically reacting flow (Navier-Stokes) equations
including the charged species. These equations include
conservation of mass, momentum and species with speci-
fied chemical source terms and closure equations. Turbu-
lence is accounted for by k-¢ or other subgrid models. The
governing equations take the following forms:

I(x"p)

Continuity: T +V-(x"pu)=0 (Eq 1)
Species: P 4y (vipu) =~V (01 + '
(Eq 2)
Momentum: w + V- (x"puu)
2
5 (p+3pk) + V-0 (Eq 3)
Energy: 209 v (v pue) = — p¥(xu) — ¥ - (")

ot
+x"(®+ Q¢ — Or)
(Eq 4)
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In these equations, n=0 for two and three dimensions in
Cartesian coordinates and n=1 for two-dimensional axi-
symmetric configuration with x representing the radial
coordinate. The symbols used in these equations are
defined in the nomenclature. These equations are sup-
plemented by the reaction rates of the type,

> @R =) byPy
r r

with each reaction having a specified reaction rate that
determines the species production/depletion rates pf.
Typically the kinetic reaction rates are specified in
Arrhenius form and fast reactions are considered to be in
equilibrium while the slower reactions proceed at their
kinetic rates. The system of equations is closed by speci-
fying the diffusion fluxes for mass (J;) and heat (/1).
Radiative losses are modeled as a temperature dependent
energy sink. Solution of the system of equations has been
implemented in computational codes such as LAVA
(Ref 8, 9). Figure 3 shows some results from Ramshaw
and Chang (Ref 8) on the radial and axial distributions of
plasma temperature for an axisymmetric Argon plasma
issuing into a room temperature Argon medium. In this
study, the computed temperature profiles were found to
be in reasonable agreement with the experiments per-
formed by Dilawari et al. (Ref 10) at Idaho National
laboratories. One of the issues in comparisons of model
predictions with experiments is the application of the
appropriate boundary conditions in the model. Often,
experiments do not provide sufficiently detailed inlet
measurements of velocities, temperatures, densities and
species distributions (neutrals, ions and electrons) to
provide well-defined inlet conditions for the model. This is

(Eq 5)
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Fig. 2 Internal geometry of a DC-arc plasma torch (from Sulzer Metco)
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Fig. 3 Computed and measured plasma temperature profiles from Ref 8: (a) axial profile; (b) radial profile

not due to the lack of interest in measuring these
parameters, but the difficulty or inability of obtaining such
data from experiments. One of the assumptions in many of
the plasma simulations is the existence of local thermo-
dynamic equilibrium (LTE) which simplifies the plasma
thermal field description. In atmospheric pressure DC-arc
plasmas that are typically employed in thermal spray
applications, the justification for LTE has been made (Ref
7). However, nonequilibrium effects have been also
studied by Chang and Ramshaw (Ref 9) which show that
LTE approximation can break down under certain con-
ditions and in some regions of a plasma jet.

Another issue with DC-arc plasma simulations is the
arc root fluctuations creating unsteadiness at the plasma
jet origin. These fluctuations with frequencies in the range
of several kilohertz have been experimentally observed
and modeled (Ref 11-13), an example of which is shown in
Fig. 4 from Ref 13. Complex inner geometry of DC-arc
plasma chambers and the presence of an electrical arc
within this chamber necessitate the injection of thermal
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spray materials (powders or sprays) external to the plasma
chamber. Typically, a droplet or particle laden jet of some
carrier gas is directed normal to the plasma jet axis in
order for the material to be entrained into the high-
temperature plasma. This injection scheme naturally
distorts the axisymmetry of the plasma jet and induces
three-dimensional effects. Li and Chen (Ref 16) modeled
the three-dimensional field of an Argon plasma jet and
showed that the carrier gas jet results in displacement of
the plasma jet centerline from the axis with increasing
carrier jet velocity. Although the plasma temperature
distributions do not seem to be greatly affected, the cal-
culated particle temperature histories and their distribu-
tions show significant variations. The radial location of the
injector with respect to the plasma jet orifice has been
shown to be a critical parameter in addition to the carrier
gas to plasma stream momentum ratio.

Simultaneous solution of the plasma flow field in the
presence of droplets is not feasible and typically plasma
flow field is first computed and the particle/droplet
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Fig. 4 Arc and plasma jet dynamics: sequence of instantaneous heavy particle temperature distribution obtained numerically (num) and
experimentally (exp). Time intervals between frames is 100 ps for numerical results and 2 ms in the experiments from Ref 13

interaction is considered as a separate discrete phase
Lagrangian model utilizing the plasma temperatures,
velocities and plasma properties. This approach usually
neglects the two-way coupling between the plasma gas and
the droplet liquid phases (i.e. influence of the discrete
phase on the plasma gas field) and only considers the
influence of the plasma flow field on the injected particles/
droplets. Literature contains a number of studies that deal
with the prediction of particle temperatures in plasmas
(Ref 15-25). In many of these studies, the particle heat
transfer is formulated in terms of heat conduction poten-
tial and a temperature slip between particle and plasma
gas. For small particles, the Knudsen number Kn=2\/d,
where A is the mean free path distance for gas molecules
and d is the particle diameter, could be large enough for
the continuum approximation for heat transfer not to hold
true (i.e. Kn > 1). In these situations, particle heat transfer
calculations have to incorporate the slip flow and free
molecular flow regimes as appropriate. All computations
deal with spherical particle heat up, melting and eventual
vaporization and particles injected into the plasma take
different paths and consequently follow different tem-
perature histories (Ref 23, 24). Depending on the material
particles are composed of and the convective heat transfer
conditions, the Biot number Bi=hd/k,, where h is the
convective heat transfer coefficient, d is the particle
diameter and k, is the particle thermal conductivity,
determines the importance of the temperature gradients
internal to the particle. In cases where Bi is small, the
particle internal temperature gradients are small and
lumped capacity heat transfer analysis becomes appro-
priate. When Bi > 0.1, the particle internal temperature
field needs to be considered as a part of the computations.
Effects of particle-particle interactions have also been
considered and quantified. A general modeling approach
that has been used in the field is schematically shown in
Fig. 5. It includes the modeling of gas dynamics of the
thermal spray torch followed by predictions of droplet
breakup, droplet or particle transport (momentum, mass,
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heat) processes and finally models of particle deposition
and coating formation.

3. Thermo-Fluid Modeling of High-
Temperature Oxy-Fuel Flame Jets

HVOF flame process has been used as a primary
method for generating metallic and in some cases ceramic
coatings in industrial applications. It has evolved as an
improved method to modify surface properties enhancing
the product life, durability, thermal resistance and corro-
sion resistance. Different industries such as aerospace,
power generation and automotive are heavily dependent
on HVOF thermal spray processes to generate functional
coatings. Coatings produced by oxy-fuel spraying are
typically dense coatings. HVOF process is normally used
for generating coatings with lower melting temperature,
like WC-Co, Cr;C,-NiCr etc. (Ref 26). Wear resistant
coatings using tungsten carbide, cobalt or nickel based
materials are some common applications of HVOF pro-
cess (Ref 27, 28). Because of its relatively low tempera-
ture, HVOF process is rarely used for ceramic coating
application (Ref 26). There are however some exceptions
where certain types of HVOF systems such as HV2000
have been used for thermal barrier coating application.

Different designs of the HVOF torches have been used
in industry, although the core technology is similar in all
cases. Figure 6 (Ref 29) shows a schematic of a HVOF
torch. It consists of a unit that incorporates a combustion
chamber and a converging-diverging nozzle for acceler-
ating the combustion products to supersonic speeds. The
combustion process takes place inside the torch. The torch
houses three annular ports for injecting powder, fuel-
oxygen mixture and air. Coating materials are injected in
the form of powder with a carrier gas (generally N,)
through an axial inlet port. A water cooled jacket sur-
rounds the nozzle to protect the torch from overheating.
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Premixed fuel and oxygen are supplied into the HVOF
combustion chamber. In industry different types of HVOF
torches are used. Few of the commonly used torches are
HV2000, JP-5000 by Praxair and Diamond Jet hybrid
torch by Sulzer Metco. There are also different types of
fuels used for the HVOF process. Among gaseous fuels,
propylene (CsHg) is the most common variety while ker-
osene is preferred by many industries as an alternative
liquid fuel. Hydrogen has also been used in cases where
high temperatures and carbon free deposits are desired.
Depending on the applications, materials are injected
either in the form of liquid precursors or in the form of
solid particles. For ceramic coatings, generally solution
precursor is preferred. In this case, liquid precursors are
injected as a spray of small droplets into the high-velocity
combustion gases. The droplet injectors are usually placed
outside the torch or very close to nozzle exit. In some

Gas Dynamics of Spray
Torch

Particle/Droplet heating
L Droplets

* heating

* vaporization

* solute concentration

* solids precipitation

* solids melting/vaporization

[ Particles
* heating
 melting/vaporization

Coating deposition and microstructure

Fig. 5 Modeling steps for thermal spray process utilizing solid
or liquid feedstock

Cooling Water

cases, liquid may be injected as a stream which undergoes
breakup into droplets in the high shear turbulent flow field
of the HVOF jet. For metallic coatings, normally powder
injection is preferred. Powders containing micron-size
metal or metal-alloy particles are injected into the torch.
The quality and density of produced coatings depend on
temperatures and velocities that particles or droplets
attain before impacting on a substrate. It is important to
note that the particle/droplet temperature and velocity are
dependent on fuel-oxygen ratio, mass flow rates of gases
as well as the powder/precursor type, injection location,
spray distance, size and residence time of the particles or
droplets. As shown in Fig. 7 (Ref 29), there are multitude
of processes that ultimately affect the coating quality
including the dynamics of the HVOF jet. We will first
discuss the modeling of gas dynamics in an HVOF torch.
The modeling of the HVOF gas dynamics includes heat,
mass and momentum transport and combustion processes.
The pre-mixed fuel and oxygen are injected into the
combustion chamber. The HVOF process is a multi-phase
process which involves discrete phase (particles or drop-
lets) interacting with the continuum gas phase. Though gas
dynamics and the particle dynamics influence each other,
the particle effects on the gas phase are typically
neglected. Particle loadings less than 4% by volume have
been determined not to substantially affect the gas
dynamics. Thus, the modeling typically considers only
one-way coupling of the gas flow affecting the particles.

The modeling of combustion process within the torch
can be dealt with at different levels. The simplest model
assumes that the combustion of the fuel and oxidizer is
complete and reaches chemical equilibrium. A more
detailed approach includes the overall chemical reaction
rate between fuel and oxidizer and the corresponding heat
release rate. A more comprehensive approach involves
more detailed modeling of combustion process by a
reduced chemical kinetic mechanism. In thermal spray
process modeling, a computational approach that captures
the gas composition, thermal and flow fields in a suffi-
ciently accurate manner is adequate as computation of
detailed gas species distributions may not add much to the
accuracy of the particle heat-up results.
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Fig. 6 Schematic of diamond jet hybrid HVOF process (Ref 29)
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Fig. 7 Processes in an HVOF torch (Ref 29)

The governing equations for gas phase modeling
include mass, momentum [Compressible Navier Stokes]
and energy conservation. However, the highly turbulent
nature of the flow and consequently its high Reynolds
number make direct numerical simulation intractable.
Therefore, turbulence closure models along with Reynolds
or Favre averaged governing equations are employed to
obtain time averaged results and relevant flow statistics.
The Reynolds averaging for any variable (like velocity,
temperature) is formulated as (Ref 30), ¢ = ¢ + ¢/,
with¢ = L [*"* ¢ drand ¢’ =0. On the other hand,
Favre average is formulated in a slightly different way as,
&=+ ¢", withd = % and ¢” = 0. After incorporating
the time averaged quantities, the governing equations
reduce to (Ref 30),

Continuity

op, 90

and momentum equation:

opv)) 0 ,_. Sy 8p 15} 8\7, o; 2 _}8\7,
o T ax P = "0 o Mo T oy 3%,

+ai( YT ) =123 (Eq7)

where P, p and p are pressure, density and molecular

viscosity of the gases. x; is the coordinate and the term
—pv;v/ is the Reynolds stress term indicating the effect of

turbulence. Closure of the Reynolds stress terms is taken

into account by considering RNG k-¢ model. These

equations are generally of the form (Ref 30)

o0k, 2 (pvik) = aa {uk(u + ut)gk} + G —pe— Yy

l

ot ox;

(Eq 8)
and
ape) 0, _ d de
TR TAGLE R [“‘(“”f)a ] +C‘*ka
82
- CZS IBE - Rs (Eq 9)
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where € represents the turbulence dissipation, Gy desig-
nates the generation of turbulence kinetic energy due to
mean velocity gradient, Yy models the effect of fluctua-
tion dilatation to global dissipation, R, is the additional
term in Eq 9 responsible for accuracy of the model in
highly strained flow field. o and o, are inverse effective
Prandt]l number for k and e, respectively.

For reacting flows as in HVOF, mass conservation of
the each species can be written as (Ref 30),

X0 0 vy = -
j=1,23...N—1

] + R;
(Eq 10)

J; is the diffusion flux of ith species calculated by Maxwell-
Stefan equation and N is total number of species involved

in the process. R; is the rate of production of species “j”.
The energy equation can be formulated as (Ref 30),

A Sl ol + )

_9 acp(p + )8T+v( + 1) Ovi | 0% Zg v
= o | P T Ry, TV TR By oy T 3% 0,

N
- > JiH

J=1

+ Sk (Eq 11)

where T is the temperature and H is total enthalpy, Sg
stands for source terms like heat generation. The total
enthalpy can be defined as (Ref 30)

H=Y"YH.
]

The computational time increases significantly with
increase in number of species. Many studies hence have
implemented the eddy dissipation model to simplify the
problem. Eddy dissipation model assumes infinitely fast
reaction process and the reaction rate is limited by tur-
bulent mixing rate of fuel and oxidants. With the eddy
dissipation model, proper analysis of Arrhenius rate is not
required. In general, considering the length of the com-
bustion section, the residence time for combustion process

(Eq 12)
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is sufficiently long to achieve chemical equilibrium
(Ref 30).

To simplify computational analysis, some studies con-
sider only the expansion of hot combustion gases through
the torch which can be modeled by considering ideal gas
and isentropic relations. The primary equations in this
case are (Ref 31),

%: {1+%(y71)M2}ﬁ (Eq 13)
P | 5= o] (Eq 14)
% = {1 + %(y - 1)MZ} (Eq 15)

where P, T and p are pressure, temperature and density,
respectively. Subscript ““0”” denotes stagnation conditions
and v is specific heat ratio. The velocity of the gas phase
(v) can be calculated by considering local Mach number
(M) from

v = M[yP/p]'"? (Eq 16)

The Mach number (M) can be found using area ratio. This
equation takes the form (Ref 31),

+1)2(y -1
A My (v+1)2(r-1)

A1 My |1+5(v = )M
Ay M

(Eq 17)
1+i(y - 1)M3

where A; and A, are cross-sectional area of two points and
corresponding Mach numbers are M; and M,. The mass
flow rate of the gas can be calculated using the equation
(Ref 31),

P M o \ED
. 0 Mpr "~
v e L '((v—l)) }

Here, M,, is average molecular weight of the gas phase
and R is the universal gas constant. A, is the throat area of
the torch (Ref 31).

Depending on the equivalence ratio of fuel and oxygen
mixture, the product gases attain a high temperature
(Ref 32). In case of gaseous fuel like propylene, the com-
plete global chemical reaction can be written as, CsHg+
4.50,=3C0O;, +3H,0. At high temperatures attained in
oxy-fuel combustion, significant dissociation of species can
occur and chemical equilibrium composition contains spe-
cies other than the complete combustion products. Figure 8
shows the adiabatic flame temperature variation as a
function of mixture equivalence ratio (fuel-oxygen ratio
divided by the stoichiometric fuel-oxygen ratio) at three
different mixture pressures. It is found that the peak tem-
peratures are shifted slightly to fuel-rich conditions and
temperatures increase with higher chamber pressures.

Depending on the torch design, Mach number of the
gas flow can reach up to 2 at the exit plane of the nozzle.
Different types of nozzles can be operated at different
pressure ratios making the emerging gas jet over-
expanded, expansion matched or under-expanded (Ref 27).

(Eq 18)
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Fig. 9 Schematic of the interior of the three-dimensional
HVOF thermal spray torch (Ref 33)

After exiting the nozzle, the gas expands in the atmo-
sphere entraining stagnant ambient air. Depending on the
control parameters like mass flow rate and torch design,
shock diamonds may or may not be present inside or
outside the nozzle.

Hassan et al. (Ref 33) presented a three-dimensional
gas dynamics model of HVOF process. In this work, the
authors used a 3D computational model to analyze the
gas dynamics of a Metco Diamond Jet rotating wire torch.
The dimensions of the torch are shown in Fig. 9. Com-
mercial CFD code (CFD-Ace) was used to solve a pres-
sure-based Favre-averaged Navier-Stokes equations to
predict the gas flow field with k-¢ model for turbulence
closure. The combustion modeling used an approximate,
one-dimensional equilibrium chemistry code to formulate
a single step reaction of propylene and calculation of
equilibrium composition. From the reported results, it
was found that the temperature of the combustion
chamber reaches as high as 3150 K. The Mach number
contour plots suggest that near the sharp corner of the
torch, flow separation occurs, while near the axis of the
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Fig. 10 Gas temperature contour in the plane of symmetry of the aircap and exterior (Ref 33)

flow field, Mach number increases to as high as 1.3.
Figure 10 shows the temperature profile outside the
nozzle. The temperature of the flow field exhibits decay
after the nozzle exit. The gas issuing out of the nozzle
expands through a series of shock waves known as shock
diamonds. The entrainment of surrounding air ensures
mixing of hot gases with cold atmosphere, resulting in a
rapid decay of velocity and temperature of the gases.
Though the maximum temperature of the gases at the exit
of the nozzle is around 2500 K, it cools down to 900 K at
the substrate location.

Among others, Gu et al. (Ref 32) also presented a
comprehensive CFD model of the gas phase. In this
work, the authors used a 2D computational model to
study the gas dynamics phenomena involved in the
HVOF coating processes. The model assumes a steady
state, highly turbulent, fully compressible, high speed
flow following combustion in the chamber. The key
objective of the model was to analyze the effect of
equivalence ratio on the gas dynamics of the combustion
products. Initially, the model reported a baseline case
with flow rates values of 150, 555 and 35 scth respectively
for fuel (C3Hg), O, and carrier gas (N;). The inlet tem-
perature was considered to be 288 K. Under this baseline
condition, the flow had an equivalence ratio of 0.8
making the flame fuel-lean. The streamlines of the gas
phase inside the combustion chamber depict that the gas
tends to flow from the wall toward the center of the
torch and subsequently accelerate toward the nozzle. The
isotherms within the combustion chamber show that
the temperature increases to as high as 3180 K. The
isotherms also confirm that the highest temperature
zones are centered near the fuel/oxygen inlet while the
powders and carrier gas remain in comparatively cooler
zone. Figure 11 (Ref 32) represents the iso-Mach number
contours from the exit of the nozzle, which is marked as
x=0 in the figure. It shows that the flow is under-
expanded. Simulation also predicted few shock waves,
downstream of the nozzle. The authors systematically
varied the gas flow rates and equivalence ratio to
understand the effect of these parameters on the gas
dynamics. The simulations showed that for constant gas
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L] 30 60 mm

Fig. 11 Iso Mach number lines at the downstream of nozzle.
X =0 corresponds nozzle exit (Ref 32)

flow rate, the maximum temperature attained by the
combustion products changes with equivalence ratio.
Globally the results also depicted that with higher gas
flow rate the temperature also increases. Figures 12 and
13 (Ref 32) show temperature and velocity profiles along
the centerline for different flow conditions of air-fuel
ratios with total flow rates indicated in parentheses. It
appears that the flow rates do not have much effect on
the centerline temperature and velocity. However, the
maximum velocity was attained for the condition corre-
sponding to the highest gas flow rate and fuel-rich flame.
On the other hand, with lowest gas flow rate and leanest
flame, lowest velocity was attained. Pressure profile along
the centerline for different flow conditions shows that
within the nozzle, the pressure is as high as 2 to 3 atm,
which indicates the need of pressurized feeding of pow-
ders. At the exit of the nozzle, the pressure is around
5 x 10* Pa above atmospheric, suggesting that the flow is
under-expanded. It was also noticed that the pressure
increases with increase in gas flow rate. However, the
change in equivalence ratio did not have much effect on
the pressure field.

The authors (Ref 32) also performed a study on the
effect of torch design on the gas-dynamics. The simula-
tions showed that with shorter span of combustion
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chamber, the particles have shorter time to accelerate,
which will result in longer residence time. Although the
gas temperature decreases slightly with shorter combus-
tion chamber length, the slow moving particles tend to be
heated for longer time, increasing the possibility of oxi-
dation before reaching the substrate.

4. Modeling of Particle or Droplet Heat-up

Once the thermal and flow fields of a DC-arc plasma or
HVOF jet are computed, these results can be utilized to
determine particle or droplet heat-up behavior. In the case
of particle injection, the particles attain different velocities
and temperatures before impacting on a substrate
depending on the particle loading rate, injection location,
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particle properties, size distribution and effects of turbu-
lent transport. In case of solution precursor droplets, the
droplets undergo precipitation and shell formation fol-
lowed by shell rupture as described earlier. Eventually
depending on the initial droplet size and concentration of
solute in the droplet, they become fully pyrolized or
remain in un-pyrolized condition.

In this study, it is realized that the aerodynamic pro-
cesses of very short timescale have already produced
droplets of stable sizes that will not undergo further break-
up. All the droplets introduced into the plasma undergo
rapid heating resulting in solvent vaporization and
increased concentration of solute near the droplet surface.
At a critical value of solute concentration, precipitation
occurs, resulting in the formation of a solid shell around
the liquid core. The precipitation leading to shell forma-
tion is assumed to be instantaneous based on the super-
saturation concentration value of the solute based on the
literature data (Ref 34, 35). The binary (solute + solvent)
droplets are assumed to be injected axially or transversely
into a high-temperature plasma jet where solvent portion
of the droplet vaporizes with simultaneous reduction in
droplet size and increase in the solute concentration. The
droplets are assumed to be composed of precursor (solute)
dissolved in a solvent with a prescribed initial precursor
mass fraction. Droplet motion in the hot convective gas
environment is governed by the droplet momentum
equation given by (Ref 36, 37),

U  3Cpp

U _3CopPx ;iU — Eq 1
T PL|U Ul(Ux — U) (Eq 19)
OV _3Cb P 12 (Eq 20)

o 8 pL

where U, V are the droplet velocities in x and y directions,
Cp is the drag coefficient due to the relative motion
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between the droplet and the surrounding hot gases with
U.. being the streamwise local plasma flow velocity. The
change in the droplet radius is given by,

dr, m

Is_ 7 Eq 21
dt 4mp r? (Eq 21)
where 71 is the mass rate of vaporization, p; is the liquid
density and r; is the radius of the droplet. The drag coef-
ficient, Cp, is modified for the surface blowing effects as
follows,

24
Cp=———— Eq 22
P~ Re(1+ By) (Eq 22)
where By, is the Spalding’s mass transfer number. The
mass vaporization rate, 71, can be expressed in terms of
either mass or heat transfer as (Ref 36, 37),

m = 2np,D1orsSh* In(1 + Bwm) (Eq 23a)

m=2n

£ rsNu*In(1 + Br) (Eq 23b)

CPV
In these equations, Nusselt number Nu* and Sherwood
number Sh* are based on a nonvaporizing sphere and
modified for vaporization effects because of the varying
film thickness around the droplet. When the mass vapor-
ization rate from Eq 23a and 23b are equated, a rela-
tionship between the droplet surface temperature and
surface solute vapor concentration just above the liquid
surface is obtained. This relationship along with a
thermodynamic relation for vapor-liquid equilibrium
(Clapeyron equation) and the Rault’s law for the mixture
facilitate the iterative solution for the droplet surface
vapor mass fraction and temperature. These quantities are
calculated at each step along the droplet trajectory and
coupled with the solution of species and energy equations
within the droplet.

Within the droplets, the energy and species transport
are computed to determine the distributions of these
quantities. The most detailed transport within the
droplet includes the effects of convection induced by the
shear at the liquid-gas interface on the droplet surface.
This shear induces an internal recirculatory flow within
the droplet that is characterized by a spherical Hill’s
vortex whose strength is computed as a function of the
slip velocity between the droplet and the gas stream.
The general form of the species and energy equations
accounting for the internal recirculation can be written
in spherical polar coordinates and nondimensional form
as (Ref 36, 37),

LeL?Z% + (0.5Pey Le V,Fs — Ley Bn)%

ot
Viors 0% 10 ([ ,0%

0.5Pe¢; L £ - <
MR T n28n< o

—i-;2 sin Ok
12sin6 90 00

(Eq 24a)
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=—=—(nN"— —_ 0— Eq 24b
2 on (” 6n> T sineae<sm ae) (Eq 24b)
subject to the initial and boundary conditions,
1=0—%,=0 and T=0
o T oY 1
=1—-_22=0; —Zsinfdd =————
N 00 0 8 2TfrsPLDzaXz¢)
oT ~oT 0
and %—O, A (9 —sin0db = m
Nz _ oT
0=0,n——2= 20 =0 and 50 = 0

The boundary conditions at the droplet surface (n=1)
correspond to uniform droplet surface temperature (i.e.
Ts = Ty(t)) and the total heat flux received by the
droplet at its surface. All the symbols are defined in the
nomenclature.

Some sample results are shown in Fig. 14 for a 20 pm
droplet injected into DC-arc plasma at two time instants
along its trajectory (Ref 36). It is seen that the internal
circulation inside the droplet can result in significant sol-
ute concentration and in moderate temperature variations.
Such data are needed when solute precipitation in the
droplets is to be predicted. Sometimes, the computational
overhead to compute the internal droplet temperature and
concentration variations may not be justified particularly
for those cases where many droplet calculations are nee-
ded to develop statistics. In such cases, spherically sym-
metric model without internal droplet circulation can be
utilized. In this case, the governing equations reduce to
(Ref 38, 39):

LePPle o509 Pe _ %aﬁ(nz%) (Eq 25a)

ot dt  om on
oT dry, 0T 1 9 oT
rr——0. SN — Eq 25b
oy 811 nz on N on (Eq )
with the initial and boundary conditions as,
X 9| x
~p(t=0)=0 and —q =0
T m| T
n=0
and g{%} = { b O (Eq 26)
N n=l1 2arde Ty

where QL is the heat flux to the droplet, kr is the liquid
conductivity, py is liquid density, Dy is the mass diffusivity
of solute in solvent.

The models described above allow the computation of
the solute concentration and temperature within the
droplets. This information is needed for determination of
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Fig. 14 Temperature and solute concentration distributions within a 20 pm diameter droplet injected into a DC-arc plasma from Ref 36

the precursor precipitation time and the regions of the
droplets that undergo precipitation. Clearly, this requires
a model of precipitation kinetics and is probably the
weakest link in modeling of the liquid precursor based
thermal spray modeling. The current state of knowledge in
precipitation of liquid precursors is discussed in the next
section of this paper. It is however predicted that droplets
can undergo precipitation near their surface due to con-
centration of the solute there and this causes shell-type
particle morphologies to form.

Subsequent to shell formation, further heating of the
particle containing a liquid core can lead to either venting of
the vapor inside the shell if the shell is porous or internal
pressurization and eventual rupture of the shell. This por-
tion of the process can be modeled as follows. The particle
motion through the hot plasma is still governed by Eq 19
and 20 except that the particle size is now fixed at the outer
diameter of the precipitate shell. The Nusselt number for
the porous and nonporous shells is obtained as described in
Basu and Cetegen (Ref 38). The model for the particle
interior is divided into three zones: solid shell, liquid core
and vapor annulus. In each region, the energy equation is of
the same form as Eq 25 with a moving interface between the
liquid core and the vapor film. The enthalpy carried by the
vapor escaping through the pores is accounted for in
the model as detailed in Basu and Cetegen (Ref 38).
Depending on the type of shell formed, one may or may not
have any venting effect through the pores in the shell.
However, for the general case of a shell porosity (€), one can
write the following mass balance equation for the vapor.

mv = *ml - mout (Eq 27)
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where 1, is the vapor mass generation rate within the
shell, 7 is the rate of change remaining core liquid mass
and ri1gy is the rate of vapor mass leaving the porous shell.
After some algebraic manipulations with the ideal gas law

assumption, this reduces to:
dpv_RTv[4 ’ , dn

1 plE

drl

s — 4nr,

- 1 pv - vapore Vpore

dt V.

(Eq 28)

where V. 1s the velocity of the gas venting through the
pores of the shell estimated from Karman-Cozeny equa-
tion while Ap. is the total area of the pores. p, and p
denote the densities of the vapor and liquid phase while r
is the radius of the liquid core. Equation 28 gives an
expression for internal pressure rise as a function of the
vapor velocity escaping through the pores and the rate at
which the liquid front is receding toward the droplet
center. Internal pressurization of the shell due to vapori-
zation of the liquid within it can lead to shell rupture or
inflation depending on the shell type that forms during
precipitation. This obviously depends on the solute and
solvent characteristics and the thermo-physical conditions
under which the precipitation occurs.

The interaction between particle and gas phase can be
modeled similarly by solving momentum and energy
equation for the particle phase. The primary governing
equations for the particles in Lagrangian form are
(Ref 31),

dv 1
My 0y = 5CppeAp(ve — vp) ’Vg - Vp|

3 (Eq 29)
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dx
Ttp:vp (Eq 30)
mC ﬂ _ hA;p(Tg - Tp) + Sn (Tp 7 Tm)
PP gr — 10 (Tp = Tm)
(Eq 31)
df, hA, (Ty—Tp)+Sn (Tp = Tm)
AHmmpCdeitp = {0 e (TE # Tp)
(Eq 32)

Here subscripts p, g and m stand for particle, gas phase
and melted phase respectively. m is the mass, ¢ is time, Cp
is drag coefficient, v is axial velocity, x is axial distance, A
is surface area, C,, is specific heat and constant pressure.
f is the fraction of molten mass. Sy is source term for
radiative heating. In case where radiation is neglected,
SL=0. The convective heat transfer coefficient can be
calculated by correlations. Most of the researchers use,
Ranz-Marshal relation given by h=ky/d,(2 + 0.6Re'Pr'?).
Reynolds number and Prandtl number in this case are
defined as, Re=pydplv, — vel/u, and Pr=Cpyppylks. kg is
thermal conductivity of the gas phase and d,, is the diameter
of the particle. Solving these equations coupled with the gas
phase (described earlier) results in the instantaneous
velocity and temperature of the particle (Ref 31).

5. Precursor Chemistries and
Precipitation Kinetics for Liquid
Precursors

The weakest link in the modeling of liquid precursor
based thermal spray process is the detailed description of
the precipitation of solute in a droplet. Currently, the
spray pyrolysis literature contains the most extensive
studies. Both experimental and modeling studies explored
conditions under which different types of particles are
formed. Zhang et al. (Ref 40) and Jain et al. (Ref 41)
reviewed this subject presenting both experimental data
and modeling results pointing to the different morpholo-
gies. Che et al. (Ref 42) carried out studies in which the
particle structure was controlled by reactions within the
droplets in spray pyrolysis. They achieved dense or hollow
single crystal or layered particle structures by carefully
controlling the reactions within droplets, sintering and
phase transformations. Zhang et al. (Ref 40) studied
experimentally the formation of zirconia from different
zirconium salts and determined the conditions and pre-
cursor solutions that yield solid particles. Nimmo et al.
(Ref 43) studied generation of zirconia from zirconium
nitrate sprayed with a diameter of less than 5 pm into a
controlled heating furnace. They were able to produce
tetragonal phase ultrafine zirconia powers under certain
operating conditions.

Linn and Gentry (Ref 44) performed an experimental
study of single droplet precipitation of different aqueous
solutions of calcium acetate, sodium acetate, sodium car-
bonate, ammonium chloride, lithium manganous nitrate
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and barium alumino silicate. They found that after a
period of uniform shrinkage due to evaporation in a hot
gas environment, crystallization, crust formation and
fracture of the crust were observed. Ammonium chloride
and lithium manganous nitrate showed bubbling and
inflation of the precursor droplets after the initial
shrinkage. While these studies illustrate the different
nucleation mechanisms and in some cases inflation of
droplet upon heating, these experiments were conducted
at low heating rates where droplets were suspended in a
relatively low gas temperature environment (with respect
to flame or a plasma) and low velocities. Since the pre-
cipitation morphology is strongly dependent on the
droplet heating rates, the actual processes taking place in
a droplet can be altered significantly. Modeling of pre-
cipitation of solute salts in a liquid droplet has been pri-
marily based on the homogeneous nucleation hypothesis
(Ref 34, 35). It is assumed that onset of precipitation
occurs when the solute concentration reaches a super-
saturation level and engulfs all regions of the droplet that
exceed the equilibrium saturation concentration. While
fundamental studies of precipitation onset in solution
droplets have been undertaken (Ref 34, 35), these studies
have revealed that the parameters affecting the precipi-
tation onset are difficult to determine even for the simple
single component solutions under well-controlled condi-
tions. Models based on the minimization of the Gibbs
energy have been considered to predict the onset of
precipitation. In practice, validity of homogeneous pre-
cipitation hypothesis is in question firstly due to the more
likely possibility of the heterogeneous precipitation as a
result of impurities and secondly because of the effects of
very rapid heating of droplets.

Precipitation of the solute salts in these and other
models is based upon attainment of super-saturation
concentration of the solute before the onset of precipita-
tion followed by precipitation in all regions of the droplet
that are above the equilibrium saturation concentration.
This assumption of homogeneous precipitation has been
used widely in modeling, yet its validity for different
material systems and droplet heating conditions is not
known. Ozturk and Cetegen (Ref 36) and Basu and
Cetegen (Ref 38, 39) used this concept of homogenous
precipitation in their models and showed that large
droplets typically form shell type precipitates, which are
detrimental to the final coating quality as they are
embedded as unmolten fragments in the coating. Smaller
droplets are not only better entrained but tend to volume
precipitate. This volume precipitation and subsequent
intense heating usually results in molten splats on the
substrate resulting in denser coatings. Some sample results
are shown in Fig. 15 (Ref 36).

6. Modeling of Coating Deposition
Process

The coating generation process is an interaction
between molten droplet/particle and substrate surface or
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0.36 ms after injection (Ref 36)

previously deposited materials on the surface. This inter-
action is also responsible for porosity development in the
coating. Most of the models dealing with coating evolution
assume that the coating generation is a consequence of
individual molten droplet splats impacting the surface
independently. The temperature, velocity and size of
particles determine thickness of each splat which dictates
the coating density. The size of particles before impact can
be expressed as a distribution function (Ref 31),

(In(dy) — u)z)

1
d,) = ex
fd) \/Z_chsdp p< 262
where 1, 6% are two parameters corresponding mean and
variance of In(d,). Most of the available works also
assume that a particle after impacting the substrate takes
shape of a flattened cylinder and the flatness can be

expressed by,
D2 [A,
S dy, dy\V m’

where Dy is the diameter of the splat and Ay is the surface
of the splat. Considering the volume conservation, the
height of the splat can also be calculated (Ref 31). The
flattening factor (&) depends on many parameters like,
Reynolds number, Peclet number and Weber number.
However, many researchers used a simplified formulation,
£=1.2941Re"2. Simulation of these parameters for each
and every droplet results in a stochastic coating pattern
(Ref 31).

7. Some Results from Previous Studies

In this section, some results from previous studies are
highlighted for plasma and HVOF flame jet thermal spray
processes. Figure 16 shows some sample results from
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Yu (Ref 45) on particle velocities and temperatures for
different particle sizes in a DC-arc plasma as determined
from experiments. Clearly large variations of particle
temperatures, velocities and sizes exist in thermal spray
processes and these contribute to the microstructural
features of the deposited coatings. In addition to the
particle state variations, variation of particle trajectories
within a plasma jet leads to dispersion of particle positions
at different jet cross sections as shown in Fig. 17 (Ref 16).
Dispersion is also affected by the degree of swirl as
swirling flow has a tendency to have a larger degree of
dispersion at farther downstream positions as shown in
this figure as well. Figure 18 shows the effects of particle
carrier gas flow rate on particle trajectories, velocities,
temperatures and vaporization rates (Ref 21). The particle
penetration into the plasma increases with increasing
carrier gas flow rate and peak particle temperatures are
also higher for the higher carrier gas flow rates employed
in this study. There is typically an optimum carrier gas
flow rate for particles to penetrate into the plasma jet and
undergo sufficient degree of heating in the plasma.
Figure 19 (Ref 25) shows another example of particle
heating in a DC-arc plasma. In this case, a 30 pm zirconia
particle is injected into a DC-arc plasma. Both surface and
core temperature evolution is shown on the left panel. The
internal particle temperature rises with increasing time
within the particle as shown on the right panel.

An important aspect of particle heat-up in a plasma or
HVOF flame jet is the treatment of heat transfer from the
gas stream into the particle or droplet. As mentioned
earlier, noncontinuum effects may be prevalent in some
cases. Figure 20 (Ref 19) shows the ratio of heat fluxes
with and without the Knudsen effect in the conduction
regime. While the noncontinuum effects may not be sig-
nificant for larger diameter particles, they can be signifi-
cant for small particles.

There have not been many studies of droplet injection
into plasmas in the past. There are some recent modeling
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Fig. 16 Particle velocity and temperatures as a function of particle size at an axial distance of 10.2 cm at three radial locations (Ref 45)

studies of liquid precursor droplet injection into plasmas
(Ref 14, 36, 38, 39). In these studies, droplet break-up and
evolution of solute concentrations within injected droplets
were considered. Figure 21 shows the Weber number
variations along droplet trajectories in a plasma jet as
reported in Ref 14. From the Weber numbers, the pro-
pensity of the droplets for break-up is evaluated as high
Weber number regions are those where droplet break-up
is expected.

Li et al. (Ref 29) performed a computational study on
in-flight behavior of particles during HVOF process. The
torch shown in Fig. 6 (Ref 29) was designed in such a way
that the Mach number at the exit of the nozzle to be
around 2. Maximum gas velocity with this nozzle can go
up to 2000 m/s. The gas dynamics of the combustion
process has been modeled using the similar methodologies
as described earlier. The particle heating formulation
neglected temperature variation within the particle.

The turbulent nature of the HVOF gas flow field
introduces indeterminism with respect to particle track-
ing and hence a stochastic method was adopted, where
instantaneous velocity is always represented as the sum
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of the average velocity and the fluctuating component of
the fluid velocity. Temperature distribution within the
flow field shows that the maximum temperature is
around 2500 K and it is located in the core of the jet.
The velocity profile of the gas field along the radial
direction at different axial planes is shown in Fig. 22
(Ref 29). The authors also reported the effect of injec-
tion location on particle velocity. Figure 23 (Ref 29)
depicts the axial velocity profiles of five different sized
particles injected from different locations. The results
showed that despite being injected at different axial
locations, the same sized particles always attain similar
velocities and temperatures before impacting on the
substrate. The authors in this work also performed a
statistical analysis of the distribution of particle impact
velocity and temperature for a wide range of particle
sizes and injection locations. The analysis depicted that
90% of the total volume of particles impact the substrate
within a 2 mm radius from the center. Residence times of
the particles were around 2 to 4 ms, while the axial
velocity and temperature at the time of impact were
around 94 m/s and 1176 K, respectively.
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Fig. 17 Comparison of the predicted particle distributions at three successive sections with and without swirl from Ref 16

Bartuli et al. (Ref 46) conducted a detailed parametric
study for liquid fuel HVOF process for nano WC rein-
forced cobalt coating. For assessing the effect of spray
parameters on the microstructure, a computational model
was used to simulate the combustion process and inter-
action of the WC-Co particles with the exhaust gases.
Additionally, experimental work was performed to vali-
date the model and compare the coating quality with the
conventional micro-sized power coatings. In this work,
commercially available spraying equipment (JP-5000,
Tafa Inc., Praxair Surface Technologies, Concord, NH)
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with a kerosene-oxygen mixture as fuel was used for
experimentation. For computations, k-¢ turbulence model
was adopted. Single-step reduced chemistry model was
used for the combustion process.

Optimal spraying conditions are found to be functions
of parameters like fuel (kerosene) flow rate, length of the
torch barrel and spraying distance. The oxygen flow rate
was maintained at 2000 scth. The temperature and velocity
distribution of the combustion gas inside the torch for all
the different fuel flow rates show that the static temper-
ature of gas phase is highest for a kerosene flow rate of
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for a 30 pm particle from Ref 25

6.0 gph while the velocity profile remains largely unaf-
fected. The effect of three different barrel sizes on the
particle (WC-Co particles of average size of 48 um)
velocity and temperature was also studied. The simulation

Journal of Thermal Spray Technology

results are illustrated in Fig. 24 (Ref 46). The results show
that inside the nozzle, longer barrel length leads to higher
values of peak velocity and temperature. It is claimed that
this information can be utilized for optimization of the
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Table 1 Parameters for the HVOF computational domain using oxy/fuel ratio 0.8 (Ref 47)

Inlet C3Hg/O, Inlet N, Inlet AlL,O5 Wall Free jet Substrate
Mass flow, g/s 5143 x 1072 2.065 x 1072 0.068
Temperature, K 300 300 300 460 298 298
Pressure, Pa 10°
1 -
C02.Mass Fraction
______ ok

0.506
l 0.456
0.405
[ 0.354
0.304
-0.253
I"O,ZD!

~0.152
.-0.101
I 0.051
0.000

(@)

Mass Fraction of each gas component

0.8

06 1

044t

015 02 025 03
Axis [m]

Fig. 25 (a) Mass fraction of the CO, within the torch, (b) mass fraction of all the species along the centerline (Ref 47)

(Ref 47). Figure 26 (Ref 47) shows the pressure and Mach
number distribution along the centerline inside and out-
side of the torch. For the converging nozzle, the velocity as
well as Mach number of the exhaust gas increases reaching
a supersonic level. The simulation results also depicted the
presence of diamond shocks. The model also predicted the
axial velocities and the temperature for different sized
particles. The results depict that particles having sizes
smaller than 20 pm undergo rapid decay in velocity and
temperature outside the torch. They do not reach the
substrate at the point of impact. This finding has also been
confirmed by measurements using SprayWatch® system.
In summary, the authors put forward a numerical model
for HVOF process using propane as fuel and alumina as
powder. The results show that the particles of size less

Journal of Thermal Spray Technology

than 20 um are not suitable for coating as their low mass
and inertia do not allow them to reach the substrate with
desirable velocity and temperature characteristics. Other
significant works in this category include the work of
Tawfik and Zimmerman (Ref 48) who proposed a one-
dimensional single-phase, nonadiabatic frictional flow with
variable specific heats to model the flow inside the nozzle
of the HVOF torch and the supersonic jet plume outside
the nozzle. Though this model is simple in construction, it
was validated by a series of experiments and provided a
low cost-effective analysis contrary to the more compu-
tationally intensive models described earlier. The particle
interaction was modeled using a Lagrangian approach
with a lumped capacitance model for heat transfer. The
fuel used was kerosene with Inconel and WC as the
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Fig. 26 Contour plots of (a) static pressure and (b) Mach number along the centerline (Ref 47)

injected particles. Their simulations indicated that heat
transfer between the gas and the particle is more efficient
than momentum transfer resulting in faster rise in particle
temperature. Particles for a diameter range of 38-50 um
exhibit a highest temperature of around 2500 R with an
average velocity of 3500-5000 ft/s.

Lau et al. (Ref 49) proposed a mathematical model
predicting the particle behavior of nanocrystalline Ni
powders during HVOF spray. They used a similar
Lagrangian description of the particle interaction within
the flame. The gas flow was modeled as ideal gas in a
frictionless adiabatic duct. Their work indicated that
fraction of the Ni-agglomerates did not melt during the
HVOF process. Particles of 36 pm in size attain only 30%
of the HVOF flame temperature during impact on the
substrate. Particles with diameter of 15 pm reach a tem-
perature of 1440 K during impact on the substrate.
Eidelman and Yang (Ref 50) developed a three-dimensional
model to simulate an HVOF process for nanoscale coat-
ing. They used traditional Favre averaged compressible
Navier-Stokes equations with k-¢ turbulence model for the
continuum gas flow. Particle interaction with nozzle wall
and the gas phase was formulated using a Lagrangian
approach with key assumptions such as no temperature
variation inside the particle, no intra-particle interaction
and uniform particle properties. They observed that
WC-Co particles of greater than 60 pm in size cannot be
accelerated to greater than 33% of the maximum gas
phase velocity and lead to porous coatings. Particles
smaller than 10 um were also found to decelerate in the
stagnation zone and lead to very poor coating quality.

Basu and Cetegen (Ref 51) were the first to formulate a
model for a new process of high-temperature coating,
where liquid ceramic precursors can be injected into

788—Volume 18(5-6) Mid-December 2009

high-velocity oxy-flame to generate a high-quality dense
oxide coating. The model incorporated the thermo physical
phenomena that precursor droplets undergo when they are
injected axially into the high-velocity flame. The processes
within the droplet would be different from those during
plasma spray as HVOF process is generally characterized
by higher velocity and lower temperature as compared to
DC-arc plasma. The modeling of HVOF jet was based on
the consideration that the products from the combustion of
stoichiometric mixture of oxy-propylene emerge out of the
nozzle. The gaseous jet of HVOF was solved using k-¢
turbulence model using the commercial FLUENT com-
putational fluid dynamics code. The droplets injected into
the flame underwent the processes of initial aerodynamic
break-up, heating and surface evaporation with solute
precipitation and internal vaporization and shell rupture.
The precursor used for this study was zirconium acetate
with mass fraction of 0.2. The aerodynamic break-up phe-
nomenon was predicted using Taylor Aerodynamic Break-
up (TAB) model. The model predicted that the axially
injected (droplets are injected inside the HVOF flame jet)
droplets were broken into smaller droplets of sizes ranging
from 0.5 to 1 um. However, in case of transverse injection
(droplets are injected downstream) they experienced lower
velocities and lesser amount of droplet break-up. Figure 27
(Ref 51) shows the droplet size distribution after aerody-
namic break up in case of axial and transverse injection.
The second phase of the droplet processes considered
vaporization and precipitation. These authors and others
(Ref 36, 52, 53) reported that the evaporation process
increases the solute concentration within the droplet in a
plasma and HVOF jet. At some point, the solute con-
centration increases the supersaturation limit triggering
precipitation. The model of Basu and Cetegen (Ref 51)
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showed that the time involved in this precipitation process
is longer than that in case of plasma injection. Figure 28
(Ref 51) shows the variation of solute mass and temper-
ature within droplets whose initial diameters were 5 and
20 pm. It shows that the gradient of mass-fraction is
greater than the gradient of temperature profile, indicat-
ing the higher thermal diffusivity than mass diffusivity. It
also indicates that the smaller droplets tend to volumet-
rically precipitate while the larger droplets tend to form
shell-type morphology.

A study of post-precipitation stage for the droplets of
10 and 20 um was carried out by Basu and Cetegen for
both plasma and HVOF (Ref 38, 51). The trapped liquid
within the shell vaporizes to increase the internal pressure.
The model showed that for both plasma and HVOF
depending on the porosity of the formed shell, the internal
pressure increases resulting in the rupture of the shell.
This result also indicated that the time scale involved for
this process is microseconds whereas the time scale for the
precipitation process is of the order of milliseconds.

8. Multi-Scale Modeling of Thermal Spray
Process

The studies described in previous sections portray only
two important parts of the thermal spray processes,
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namely gas dynamics and particle/droplet transport pro-
cesses. In order to describe the whole thermal spray pro-
cess starting from gas dynamics to coating generation, a
multi-scale modeling approach is necessary. There are few
works in the literature that reported on modeling of the
whole thermal spray process. In this section, some of these
models are described briefly. The major work on multi-
scale modeling of industrial HVOF thermal spray was
carried out by Li et al. (Ref 30). In this work a Diamond
Jet Hybrid HVOF thermal spray process for generating
WC-12% Co coating was designed and modeled. Li et al.
(Ref 30) focused on the multi-scale modeling and analysis
of gas dynamics, in-flight behavior of particles and micro-
structure of generated coatings. Computational domain
for this work includes both inside and outside of the
nozzle. Eulerian approach was used in this model to solve
the thermal and flow field of the gas phase, while the
particle velocity, temperature and degree of melting were
determined from a Lagrangian approach. Reynolds and
Favre-averaged Navier-Stokes’ equations were solved for
modeling the gas dynamics. Nonequilibrium wall function
treatment was used in renormalization group turbulence
model to solve for the gas dynamics of flow at high
Reynolds number with large pressure gradients within the
nozzle. The eddy dissipation model was used for modeling
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Table 2 Specified gas flow rate for parametric analysis
of Diamond Jet hybrid HVOF gun (Ref 30)

Propylene, Oxygen, Air, Nitrogen,

Case scth scth scth scth m,gls ¢

1 (baseline) 176 578 857 28.5 18.10 1.045
2 176 578 428 28.5 13.73  1.186
3 176 867 857 28.5 21.35 0.756
4 264 867 1286 28.5 27.01 1.045

the chemistry. A first order upwind differencing scheme
was used to solve for coupled mass, momentum and
energy equation while second order upwind scheme was
employed to capture the shock diamond that occurs in the
external field. A fourth order Runge-Kutta method was
used to solve for the velocity, temperature and melting
degree of the particle. For predicting the microstructure of
the coating, a stochastic approach was adopted. The
powder particles were injected at the central inlet nozzle.
N, was used as the particle carrier gas. The interaction
between the hot combustion gases and particle results in
momentum and energy transfer which leads to accelera-
tion and heating of particles. Eventually, the particles in
molten or semi-molten state exit the nozzle with a very
high momentum and impact the cold and stationary sub-
strate. The combustion process created an elevated tem-
perature of 3000 K and the pressure of 6 x 10> Pa inside
the combustion chamber. Table 2 compiles the conditions
under which the parametric study was conducted by
Li et al. (Ref 30).

In the simulation, the jet is over-expanded at the nozzle
exit. For a small initial distance at the centerline, the
concentration of N, carrier gas is higher but all the other
species are almost absent. Due to rapid mixing and tur-
bulence, the concentration of the carrier gas decreases and
other species concentrations gradually increase within the
nozzle. Outside the nozzle, due to entrainment of the
static air, O, and N, contents increase rapidly. The very
low mass fraction of propylene indicates a high degree of
complete combustion inside the chamber. For the baseline
condition in Table 2, the results show that the velocity and
temperature profile also change with different spray dis-
tance. It can be noted that for each spray distance there is
an optimum particle size for which the temperature is
highest. It also shows that the velocity and temperature
increase with increasing spray distance. The authors also
reported that the effect of injection velocity is negligible
on the impact velocity and temperature of the particle.
Their analysis also showed that for industrial applications,
the equivalence ratio should be around 1.2 for maximum
mass flow rates.

Simulation of the coating microstructure was based on
the energy conversion during the impact of the heated
particles with the substrates, which dictates the tempera-
ture and degree of melting of the particles. The ideal
condition of 100% melting of the particles would result in
surface coating which is homogenous. However, when the
presence of semi-molten or un-melted particles is taken
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Fig. 29 Simulated (a) microstructure and (b) pore distribution
in the coating made of particles of nonuniform molten states,
which are deposited under baseline condition reported in Table 2
(Ref 30)

into consideration, roughness and porosity increases in the
microstructure. Figures 29 and 30 (Ref 30) suggest the
presence of un-melted particles. For low melting ratio,
the lower flow rates increase the porosity of the coating
while for higher melting ratio, the lower flow rates reduce
the porosity in the microstructure. Their results also pre-
dicted that very small sized particles are not effective for
coating generation. The injection velocity did not have a
significant effect on the coating and also the carrier gas
flow rate must be kept to a minimum value to allow suf-
ficient residence time for heat transfer between the par-
ticle and combustion gases. Similar such works were
reported by Chandra et al. (Ref 54-56) for plasma and
HVOF deposition. These models were also stochastic in
nature and predicted the porosity, thickness and rough-
ness of the coatings as a function of particle size, velocity,
temperature, stand-off distance and injection methodol-
ogy. To our knowledge, there has been no study per-
formed on the multi-scale modeling of droplets in HVOF
and plasma including stochastic analysis of the coating
formation.
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Fig. 30 Simulated (a) microstructure and (b) pore distribution
in the coating made of particles of nonuniform molten states,
which are deposited under condition in case 4 reported in Table 2
(Ref 30)

9. Conclusions and Recommendations

Thermal spray process has been typically modeled as
three physically distinct segments: gas dynamics, gas-
particle or gas-droplet interactions and coating deposition.
Review of literature suggests that sophisticated models of
both plasma and HVOF flame jets have been formulated.
These models range from those that simulate the evolu-
tion of high-temperature jets with plasma or flame com-
positions to those that simulate the plasma and
combustion process in detail. Powder or liquid spray
injection into a plasma or a HVOF flame jet have been
mostly modeled as the discrete phase of droplets and
particles being heated in the computed thermal environ-
ment of a DC-arc plasma or HVOF flame jet. This type of
treatment assumes that the discrete phase has very little or
no effect on the flow and thermal fields of the plasma or
HVOF flame jet, an assumption that is only valid for
dilute particle or droplet regimes. In thermal spray
applications where a larger amounts of powders or liquid
precursors are to be processed, the dilute regime
approximations will fail and the two-way coupling of the
gas flow field with particles need to be taken into account.
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Eulerian-Lagrangian approach has been used to model
the gas and particle interaction. The particle loading rate
and the size distribution of the particles have a strong
effect on the final temperature, velocity and melting ratio
prior to impact on a substrate. Many authors have
reported that most of the particles get deposited very near
to the center of the jet. The coating develops when one
molten particle gets deposited on another. The modeling
the pattern of the coating is stochastic in nature, which
involves statistical determination of splat size, coating
thickness and porosity of the coating. It has been reported
by many authors that size distribution, feeding-rate of
particles and temperature of the flow fields have effects on
the porosity and coating density.

In case of precursor droplets, the temperature and
velocity of the gas fields also affect the internal liquid
circulation and temperature distribution within droplets.
Larger droplets usually undergo aerodynamic break-up.
The droplets subsequently undergo fast vaporization and
precipitation forming solid particles. The results show that
the high velocity of HVOF jet facilitates the aerodynamic
break up to higher degree, resulting in smaller droplets
that are injected axially along the centerline of the high-
temperature jet and can undergo faster vaporization and
most likely generating splats of fully molten particles.
However, for transverse injection, smaller droplets may
not be properly entrained into the gas jet and hence can
result in poor coating quality due to unpyrolized material
arriving on the coating surface.

In the modeling of liquid precursor droplets being
processed in a plasma or HVOF flame jet, one of the
major knowledge gaps is the existence of comprehensive
precipitation models that can be incorporated into heat
and mass transfer models for liquid droplets of the type
discussed in this article. For example, the current state-of-
the-art in precipitation modeling of droplets in thermal
sprays is limited to a homogeneous precipitation around
precursor droplets that are based on studies at slow
heating rates. The kinetics of solute precipitation experi-
enced at rapid heating rates in plasmas and HVOF flame
jets is an area that needs to be addressed in the future.

There are only few works available on the multi-scale
modeling which involves end-to-end analysis of the ther-
mal spray process. Modeling of the process that includes
simulations of plasma or HVOF flame and at the same
time calculate particle or droplet heat-up states in a cou-
pled manner and also handle the deposition and coating
formation would be desirable in the future. Such models
can address the need for understanding multi-dimensional
effects of each control parameter as well as determining
the optimum conditions for particular coating micro-
structural requirement. With the advances in computa-
tional power and development of more sophisticated
model components, the models of this type are envisaged
to be important tools in the thermal spray field in the
future. Finally, more detailed experimental results are
needed to validate these models. With the advancement of
optical diagnostic techniques, it is anticipated that more
detailed experimental results will be available in the
future.
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