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Abstract—High-velocity oxygen fuel (HVOF) thermal spraying
uses a combustion process to heat the gas flow and coating material.
A computational fluid dynamics (CFD) model has been developed to
predict gas dynamic behavior in a HVOF thermal spray gun in which
premixed oxygen and propane are burnt in a combustion chamber
linked to a parallel-sided nozzle. The CFD analysis is applied to
investigate axisymmetric, steady-state, turbulent, compressible,
chemically reacting, subsonic and supersonic flow inside and outside
the gun. The gas velocity, temperature, pressure and Mach number
distributions are presented for various locations inside and outside
the gun. The calculated results show that the most sensitive
parameters affecting the process are fuel-to-oxygen gas ratio and
total gas flow rate. Gas dynamic behavior along the centerline of the
gun depends on both total gas flow rate and fuel-to-oxygen gas ratio.
The numerical simulations show that the axial gas velocity and Mach
number distribution depend on both flow rate and ratio; the highest
velocity is achieved at the higher flow rate and most fuel-rich ratio.
In addition, the results reported in this paper illustrate that the
numerical simulation can be one of the most powerful and beneficial
tools for the HVOF system design, optimization and performance
analysis.

Keywords—HVOF, CFD, gas dynamics, thermal spray,
combustion.

I. INTRODUCTION

HE high-velocity oxygen fuel (HVOF) thermal spray is a

particulate deposition process in which micro-size
particles of metals, alloys or cermets are propelled and heated
in a sonic/supersonic combusting gas stream and are deposited
on a substrate at high speeds to form a thin layer of lamellar
coating. The coatings prepared by HVOF thermal spray
process have been widely used in the automotive, aerospace
and chemical industries. The HVOF systems employ various
kinds of gun nozzle contours, such as convergent-barrel,[1,2]
convergent-divergent (or Laval nozzle),[3] convergent-
multistage divergent,[4] and convergent-divergent-barrel.[5,6]
The HVOF gun systems without any nozzle are also in
use.[3].In this study convergent-divergent-barrel system was
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simulated. In this system during a HVOF thermal spraying as
shown in Fig. 1, premixed fuel and oxygen streams are
injected into combustion chambers and energy generated by
the combustion process is transformed into a hot high-pressure
gas.
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Fig. 1 Schematic of the HVOF thermal spray gun geometry

In order to improve the operation of the HVOF thermal
spray process, much experimental work has been done in the
last decade to study the effect of operating parameters
including gun type, fuel type, feedstock type and size,
combustion pressure, fuel/oxygen ratio and spray distance on
the particle temperature, velocity, melting ratio, oxidant
content and the resulting coating microstructure, porosity,
hardness, wear abrasion and corrosion resistance [7-12].

Many parametric studies have been performed on process
controlling parameters and coating quality without a detailed
understanding of the physical and chemical processes
involved, especially in the presence of entrained particles.
HVOF spraying involves an intricate interplay between fluid
flow, heat transfer, turbulence, chemical reactions, diffusion
of multi-component gases, and various gas-particle
interactions at elevated temperatures. A  detailed
understanding of these processes is essential for the HVOF
process to reach its full potential. Several previous CFD
simulations have investigated gas and particle flows in HYOF
thermal spray guns. Power et al.[13] and Smith et al.[14]
modeled a Metco Diamond Jet gun (Sulzer Metco, Westbury,
NY) using a steady-state axisymmetric analysis. In the
Diamond Jet system, premixed oxygen (O2) and propylene
(C3H®6) are injected into an air-cooled nozzle. They modeled
the internal flow and external flow separately with a finite-rate
chemistry model in the internal flow and equilibrium
chemistry results as boundary conditions for the external flow.
Oberkampf and Talpallikar[15,16] also developed a model of
a similar gun geometry, again using an axisymmetric, steady-
state analysis. In their work, there was full coupling between
the interior and exterior flow fields, and an approximate
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equilibrium chemistry model was used to treat the combustion
of C3H6. Chang and Moore [17] studied the transient flow
and temperature distribution in a liquid-fueled HVOF gun. In
this gun, oxygen and kerosene are injected into the
combustion chamber and gaseous products are accelerated
through a converging-diverging throat and along a barrel.
They assumed complete combustion of the fuel, allowed for
chemical reactions of the gaseous products in the flow through
the throat and barrel, but did not simulate the free jet external
to the gun. A steady-state solution was found to develop in
less than 2x107s, and, in this system, Mach numbers greater
than one were calculated to develop inside the barrel because
of the converging- diverging design of the throat of the
burner. Because of the inherent complexity of the process, a
fundamental  understanding of the physicochemical
phenomena involved in the HVOF thermal spray process
generally requires comprehensive numerical models including
computational fluid dynamic (CFD) models [18-22].

In this paper a computational fluid dynamic (CFD) model is
developed to predict gas dynamic behavior in a high-velocity
oxygen-fuel (HVOF) thermal spray gun in which premixed
oxygen and propane are burnt in a combustion chamber linked
to a parallel-sided nozzle. The CFD analysis is applied to
investigate axisymmetric, steady-state, turbulent,
compressible, chemically reacting, subsonic and supersonic
flow within the gun. Results describes the general gas
dynamic features of HVOF spraying and then gives a detailed
discussion of the numerical predictions of a computational
fluid dynamic (CFD) analysis. The gas velocity, temperature,
pressure and Mach number distributions are presented for
various locations inside the convergent-divergent-barrel
system.

The specific objectives of the paper are to identify the
appropriate governing equations for the Problem, using a
computer code to create a computational grid and solve the
governing equations on the computational domain, compare
the predictions of the numerical simulation and make
suggestions for the better performance of the device.

Il. COMPUTATIONAL MODEL

A. Model Geometry and the Mesh

The studied HVOF gun is represented schematically in Fig.
1. Fuel and oxygen are injected axially into the combustion
chamber, where the fuel burns and the combustion products
are accelerated down through the convergent-divergent
nozzle and the long parallel-sized barrel. The gun is protected
by cooling water to avoid over-heating. Powder particles are
injected into the barrel through a tapping angle by a carrier
gas in the front of the barrel, this design can effectively reduce
the overheating of powder particles. The study is focused on
the combustion process and subsequent gas flow pattern,
while particle dynamics and gas—particle interaction are not
included. With a well designed nozzle configuration, the
maximum gas velocity can be up to 2000 m/s, with a Mach
number around 2 at the exit of the nozzle.

The computational domain used in the present simulation is
shown in Fig. 2. A convergent-divergent nozzle is designed to

generate a supersonic jet. Because the gun geometry is
symmetrical about its axis, a two-dimensional (2-D) axi-
symmetric grid is used to simulate the gas phase flow
behavior. The computational grid of this axis-symmetric flow
includes the gun and external free jet region as illustrated in
Figs. 3 and 4. The grid is finer in the regions where large
gradients of flow properties exist, and gradually changes to
become coarser in the regions where small gradients of flow
properties are expected. This fine mesh size will be able to
provide good spatial resolution for the distribution of most
variables within the combustion chamber, convergent
divergent nozzle, barrel and external domain.

Fig. 2 Computational domain

Fig. 3 Grid structure within the combustion chamber and convergent
divergent nozzle part

Fig. 4 Grid structure within the External domain

B. Governing Equations

A computer code is used to perform numerical simulations
of the fluid flow in HVOF system by solving the conservation
equations of mass, momentum, energy and species. A
standard, two-equation, realizablek — & turbulence model is
employed for the turbulent flow field.

Continuity Equation:

op 0
—+—(pu,)=0 1
o ox, (pu;) @
Momentum Equation:
0 0 op aTij
——(pu)+—(puUu.)=———+ 2
at(p i) . (pu;uy) o @

] ! ]

Where [ the static pressure and the stress tensor are 7;; is
given by:

ou. auj 2 .
o= o — 4 L - 2 s divw 3
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Where 2 are the molecular viscosity and the second term on

the right hand side is the effect of volume dilation.
Energy Equation:

0 0 0 or
a(ﬁ)*‘&i(ui (E+ p)):axi[keﬁ &i_;hj“]j‘ +U; (Tij)eﬁ]+sh

4
Where ky is the effective conductivity and J; is the diffusion
flux of species . The first three terms on the right-hand side of
Equation represent energy transfer due to conduction, species
diffusion, and viscous dissipation, respectively. S, includes the

heat of chemical reaction, and any other volumetric heat
sources we have defined.
In equation (4),

2
E:h—E+% ®)
P

Where sensible enthalpy h is defined for ideal gases as
h=2.m;h, ©
j

Where mj‘ is the mass fraction of species j and

h =[ c d
i':.L ¢, dT 0

ref

Where T is 298.15 K.

Species Conservation Equation:

When we choose to solve conservation equations for
chemical species, we predicts the local mass fraction of each
species, M, through the solution of a convection-diffusion

equation for the i th species. This conservation equation takes
the following general form:

op 0 0
—(om.)+—(pum.)=———J. +R. +8S.
8'[ (p |) axl (ID 1 |) ax i, 1 I

®

Where Ri‘ is the net rate of production of species i by
chemical reaction and Si, is the rate of creation by addition

from the dispersed phase. An equation of this form will be
solved for N —1species where N is the total number of fluid
phase chemical species present in the system. Since the mass
fraction of the species must sum to unity, the N th mass
fraction is determined as one minus the sum of the
N —1solved mass fractions. To minimize numerical error, the
N th species should be selected as that species with the

overall largest mass fraction, such as Nzwhen the oxidizer is

air. Ji. i is the diffusion flux of speciesi , which arises due to

concentration gradients. We use the dilute approximation,
under which the diffusion flux can be written as

om..

i ox ©)

J;;=-pD

Here Di.mis the diffusion coefficient for species iin the

mixture.

The reaction rates that appear as source terms in
Equation (8) are computed by eddy dissipation model. The
reaction rates are assumed to be controlled by the turbulence
instead of the calculation of Arrhenius chemical kinetics. The
net rate of production for species i due to reaction I, is given
by the smaller of the two expressions below:

, E . Y,

Ry =tM,Apr mi —U.;,rl\F;IW,R (10)
Y

R, =u/,M W’iABpEL (11)

N _ n
k Z 0L M,

Where Y, is the mass fraction of any product species P and

Y is the mass fraction of a particular reactant R and A,B are
empirical constants equal to 4.0 and 0.5.

A wide variety of flow problems can be calculated by using
the standard k — & model based on the presumption that an
analogy between the action of viscous stresses and Reynolds
stresses on the mean flow exists. Although it is usually
acceptably accurate for simple flows, inaccuracies could rise
from the turbulent-viscosity hypothesis and from the equation
of turbulence dissipation rate for complex flows. Improvement
has been made to the standard k —e&model; a recent
development is the realizable k —& model. The transport
equations for the realizable k — & model are:

Turbulent Kinetic transport equation:

g(pkﬁ%(pkuj )=£Ku+ﬂ‘jak}

i i Oy (12)

+G, +G, —ps-Y,, +S,

Rate of dissipation of energy from the turbulent flow:
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Where the turbulent viscosity is

k 2
lth = Vi ? (14)

The coefficient of dynamic viscosity is
1

C,=——

A +A(KU/g)

(15)

In comparison with the standard k — & model, the realizable
k —& model contains a new formulation of the turbulent
viscosity where the dynamic viscosity coefficient is no longer
constant.

C. Boundary Conditions

A fixed composition (a stoichiometric mixture) of oxygen—
propane is specified at the fuel inlet of combustion chamber.
The inlet temperature of fuel mixture is considered to be
uniform at 300 K. A fixed, uniform mass flow 0.018 kg/s is
specified at the inlet. Axi-symmetric boundary conditions are
applied along the central axis of the combustion chamber. The
interior surfaces of the gun are protected by the cooling water
and defined as no-slip wall with a constant temperature of
360Kwhich is the measured temperature for the outflow
water. The gas exhausts from the gun to air, where external
pressure boundary is applied to the ambient temperature of
300K and atmospheric pressure of 1.013x10° Pa -

I1l. NUMERICAL MODEL

The numerical method used in this study is a segregated
solution algorithm with a finite volume-based technique. The
segregated solution is chosen, due to the advantage over the
alternative method of strong coupling between the velocities
and pressure. This can help to avoid convergence problems
and oscillations in pressure and velocity fields. This technique
consists of an integration of the governing equations of mass,
momentum, species, energy and turbulence on the individual
cells within the computational domain to construct algebraic
equations for each unknown dependent variable. The pressure
and velocity are coupled using the SIMPLE (semi-implicit
method for pressure linked equations) algorithm which uses a
guess-and-correct procedure for the calculation of pressure on
the staggered grid arrangement. It is more economical and
stable compared to the other algorithms. The second order
upwind scheme is employed for the discretization of the
model equations as it is always bounded and provides stability
for the pressure-correction equation. The CFD simulation

convergence is judged upon the residuals of all governing
equations. This "scaled" residual is defined as

Zcells p‘an By Py +D — ap¢p‘
Zcells p‘ap¢9‘

where ¢p is a general variable at a cell p, a, is the center

R? = (16)

coefficient , @ are the influence coefficients for the

neighboring cells, and b is the contribution of the constant
part of the source term. The results reported in this paper are

achieved when the residuals are smaller than1.0x107* .

IV. RESULTS

A number of numerical simulations have been performed to
study the gas dynamic behavior in a high-velocity oxygen-fuel
(HVOF) thermal spray gun in which premixed oxygen and
propane are burnt in a combustion chamber linked to a
parallel-sided nozzle.

The flow transition from subsonic to supersonic conditions
through the convergent-divergent nozzle is vividly shown by
the Mach number plot in Fig. 5. The subsonic flow is
accelerated in the convergent region, the flow reaches sonic
state at the throat and further accelerated to supersonic
condition in the divergent region. On entering the barrel, the
supersonic flow further expands through a series of shock
waves and becomes stabilized.

In this HVOF gun system, key process variables are total
gas flow rate, and oxygen-to-fuel gas ratio. Two different total
gas flow rates were considered, namely, 21 and 18 g/s , and, at
each of these flows, two fuel-to oxygen ratios, namely, 0.25,
0.275, were investigated. In considering differences among
simulations, for the range of gas flows and ratios examined,
results will be plotted as centerline flow field variable versus
axial distance.

Fig. 6 shows the centerline Mach numbers plotted against
axial distance. The overall trend is that the Mach number
increases sharply as it converges into the nozzle but increases
only marginally within the parallel-sided region. A maximum
velocity is achieved at the higher total flow (21 g/s) and the
higher fuel-to-oxygen ratio (0.3). Conversely, the lower flow
(18 g/s) and most oxygen-rich ratio (0.25) give the lowest
velocity. Also, the three profiles for a 21 g/s flow rate lie
above those for the 18 g/s total flow rate. Fig. 7 shows the
variation of centerline gas pressure withgaxial distance. The
pressure remains high within the cofbustion chamber,
decreases sharply in the convergent-divergent nozzle and
reaches near atmospheric level in the barrel. It needs to point
out that the shocks encountered in the front part of the
convergent—divergent nozzle are not desirable which gives
rise to energy loss when the thermal energy is converted to
kinetic energy in the gas phase. It is possible to design a
nozzle with perfect expansion at a particular pressure ratio,
however, that will impose a limitation on the operating
condition of the nozzle. The combustion chamber
dimensions shown in these plot figures are normalized by the
corresponding barrel diameter (D). . The higher total flow rate
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generates significantly higher gas pressures as would be
expected, whereas the effect of gas ratio is rather limited.

Fig. 8 shows Contours of gas Mach number outside the
HVOF gun and wave structure in supersonic under expanded
jet. Because the pressure at the exit of the barrel is lower than
the ambient pressure, the jet is over-expanded and adjusts to
the ambient pressure by a series of shock diamonds. This
pattern of expansion and compression waves is repeated until
mixing with the surrounding atmosphere which eventually
dissipates the supersonic jet.

Fig. 9 shows the Calculated streamlines of the gas phase
outside the HVOF gun. As a result, the gas flows parallel to
the substrate near the substrate. This phenomenon is very
important since the particles might move radially due to the
drag force in the radial direction. To further demonstrate this
behavior, we provide the evolution of the axial velocity and
radial velocity of the gas in several different locations in the
external flow field, as shown in Fig. 10. These locations are
based on the distance from the exit of the HVOF torch. It is
clearly seen that the axial velocity in the centerline decays
along the axial direction, and the jet propagates outwards in
the radial direction. Close to the substrate, the axial velocity
profile is close to zero while the radial velocity increases far
away from the centerline.

V. SUMMARY AND CONCLUSION

This paper describes the gas dynamics features that exist
inside and outside a high-velocity oxygen-fuel (HVOF)
thermal spray gun in which premixed oxygen and propane are
burnt in a combustion chamber linked to a parallel-sided
nozzle. Numerical results from the computational fluid
dynamics modeling are given and discussed. The gas velocity,
temperature, pressure, and Mach number distributions are
presented for various locations inside and outside the HVOF
system. The two-dimensional numerical simulations show
large variations in gas velocity and temperature both inside
and outside the torch due to flow features such as mixing
layers, shock waves, and expansion waves.

Inside the gun, premixed oxygen and propane burn in the
combustion chamber and the hot gas is accelerated along the
parallel-sided nozzle. Although the maximum gas temperature
reaches 3300 K close to the annular flame front, the centerline
temperature only reaches a value of 3000 K. The gas velocity
at the end of the nozzle is, 2500 m/s with a Mach number of
2.3. In the free jet region, the calculations predict the
existence of shock diamonds. In addition, the results reported
in this paper illustrate that the numerical simulation can be
one of the most powerful and beneficial tools for the HVOF
system design, optimization and performance analysis. The
results indicate that the most sensitive parameters that affect
the behavior of the system both total gas flow rate and fuel-to-
oxygen gas ratio. The axial gas velocity depends on both flow
rate and ratio; the highest velocity is achieved at the higher
flow rate and most fuel-rich ratio.
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Fig. 5 Predicted March number contours in the convergent-divergent nozzle and barrel
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Fig. 6 Variation of Mach number with distance along the centerline (symmetry axis) of the computational domain
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Fig. 7 Variation of pressure with distance along the centerline (symmetry axis) of the computational domain
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Fig. 8 Contours of gas Mach number outside the HVOF gun and wave structure in supersonic under expanded jet
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Fig. 9 Calculated streamlines of the gas phase outside the HVOF gun
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Fig. 10 Axial gas velocity along the radial direction at different axial locations outside the HVOF gun
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