
Numerical Investigation of a Hybrid
HVOF-Plasma Spraying Process

B. Martinez, G. Mariaux, A. Vardelle, G. Barykin, and M. Parco

(Submitted February 11, 2009; in revised form August 6, 2009)

This study deals with the numerical investigation of a hybrid thermal spray process that combines HVOF
and thermal plasma technologies. In this process, a thermal plasma is used to assist the combustion
process that proceeds in a quasi-conventional HVOF system. It is expected that this coupling makes the
HVOF system more flexible in terms of working parameters and sprayed materials. Also, a rather low
fuel gas consumption and high deposition rate compared to that of most of the conventional HVOF guns
are sought. Modeling this process can help to understand the phenomena that control the operation of
the spray system and, therefore, help to optimize it. The model involves the plasma formation, com-
bustion process, and expansion of the supersonic jet in the ambient atmosphere. In this study, the system
uses argon as plasma-forming gas and methane as fuel gas. Fuel and oxidant are not premixed before
entering the combustion chamber. In the model, methane oxidation is represented by a single-step global
reaction considering only a few chemical species (fuel, oxidant, and product species); the turbulent non-
premixed combustion is modeled by a fast-chemistry combustion model that assumes that the rate of
chemical reaction is controlled by turbulence. The model equations are solved using the CFD software
Fluent 6.3. The main gas flow characteristics (velocity, temperature, and pressure) in presence and
absence of the plasma source are compared and discussed, and the benefits of the plasma source are
discussed in the light of predictions and fuel combustion mechanisms.

Keywords Coatings for engine components, HVOF coatings,
HVOF process, HVOF spray parameters

1. Introduction

The thermal spray system analyzed in this paper was
designed by INASMET Tecnalia and developed in the
frame of a European project entitled oxy-fuel ionization
(OFI; Ref 1). This new device uses a thermal plasma to
assist the combustion process in a HVOF spray torch and,
it also uses an auxiliary cold gas to help to control the
process temperature.

The point of using an auxiliary cold gas is to make it
possible to play on the process temperature. This param-
eter is particularly important when spraying WC-based
powders which are commonly deposited using HVOF, as
the in-flight temperature affects the decarburization and
solutionizing of the coating hard phases. The control of
process temperature by using an auxiliary gas flow was
also employed by Katanoda et al. (Ref 2) who added a gas
mixing chamber between the combustion chamber and the
barrel of a commercial HVOF gun (Praxair-Tafa JP5000).
They succeeded to make the gas flow temperature varying

between 1,000 and 2,500 K depending on the auxiliary gas
flow rate (nitrogen).

The idea of assisting the combustion by thermal plasma
is to make the spray system more flexible in terms of
working parameters and sprayed materials. It is also
expected that this will help to decrease the gas consumption
and use fuel with rather low gross heating value, GHV, as
natural gas that consists primarily of methane (methane
GHV is 39.87 kJ/m3 compared to 101.25 kJ/m3 for pro-
pane, for instance), even with high powder feeding rate.
In the actual OFI system, the latter can be as high as
100 g/min. Finally, it will aid to stabilize the flame over a
large range of fuel/oxidant conditions.

The faster the ignition and stable flame are achieved,
the more time is available for reaction completion, maxi-
mum efficiency, and minimum emissions. The plasma
source may bring about a significant decrease in the
reaction ignition time that is very sensitive to the mixture
equivalence ratio, mixture type, temperature, and pres-
sure. In fact, thermal plasma is supposed to increase the
dissociation rate, especially for the initiating step of the
chain reactions, to favor multiple branching steps as well it
ensures the ignition.

The operation of the OFI torch can be divided in the
following consecutive and combined sub-processes
(Fig. 1): (i) formation of the thermal plasma jet, (ii) mix-
ing of the plasma jet with an auxiliary cold gas flow,
(iii) turbulent combustion, (iv) expansion of the combus-
tion flue gases in the nozzle-barrel and acceleration and
heating of the powder particles injected at the barrel inlet,
(v) exit of the mixture of combustion flue gases and
powder particles into the atmosphere at room conditions
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as an over-expanded supersonic jet, and finally (vi) impact
of the sprayed particles onto the part to be covered going
with the heating of the part by the gas jet.

Because of the inherent complexity of thermal spray
system and difficulty to carry out experiments inside the
torch, modeling of such systems is a useful tool to better

Nomenclature

Ar argon

A empirical constant, 4.0

a speed of sound, m/s

B empirical constant, 0.5

Co cobalt

Cp specific heat at constant pressure, J/kg K

Cv specific heat at constant volume, J/kg K

Cl constant of k-e model, 0.09

C1e constant of k-e model, 1.44

C2e constant of k-e model, 1.92

C3e constant of k-e model, 0

CEBU empirical constant of EBU model

CH4 methane

CO2 carbon dioxide

Dt turbulent diffusivity, m2/s

Dam diffusion coefficient of species a in the mixture

Dh hydraulic diameter, m

E total specific energy, J/kg

H hydrogen

H2O water

h specific enthalpy, J/kg

I arc current intensity, A

I turbulent intensity, %

Ja mass diffusion, kg/m2s

k turbulent kinetic energy, m2/s2

l Prandtl’s mixing length

M molecular weight, kg/kmol

N2 nitrogen

O2 oxygen

Prt Prandtl turbulent number

p pressure, atm

Q heat source term, W/m3

Ri average rate of production of species ith

R universal gas constant, kJ/kg K

R radius, m

Re Reynolds number

Sp volumetric generation rate, W/m3

Sct Schmidt turbulent number

T temperature, K

U mean velocity, m/s

u velocity, m/s

u00 velocity fluctuation, m/s

m0, m00 stoichiometric coefficients of reactants and

products

V voltage, V

vol volume, m3

WC tungsten carbide

Y 002f species fluctuations

Yi mass fraction of ith species

x spatial coordinate

p pressure, Pa

U equivalence ratio

c specific heat ratio, Cp/Cv

dij Kronecker delta

e turbulent dissipation rate, m2/s3

j thermal conductivity, W/m K

l molecular dynamic viscosity, kg/ms

lt turbulent dynamic viscosity, kg/ms

q density, kg/m3

re constant of k-e model, 1.3

rk constant of k-e model, 1

x molar reaction rate, mol/m3s

Subscript

atm atmospheric conditions

air air species

EBU Eddy break up

f fuel

eff effective

g gauge (for pressure)

gas_i ith gaseous species

inlet_i ith gas input

i ith species or derivative index

j jth species or derivative index

k turbulent kinetic energy

m total mass of mixture

max_i value at the axis

n normal local coordinate

p products

r reactants

t turbulent

torch internal torch diameter

a species

e turbulent dissipation rate

s tangential local coordinate

¥ room conditions

Superscript

0 fluctuation
00 variance

Acronyms

CFD computer fluid dynamics

CPU central processing unit

EBU Eddy break-up

EDM Eddy Dissipation Model

GHV gross heating value kJ/m3

HVOF high velocity oxygen fuel

LTE local thermal equilibrium

RMS root mean square

OFI Oxy-fuel ionization
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understand its operation and correlate working parame-
ters and performance.

The objectives of this study, that used computational
fluid dynamics (CFD), were to analyze the effect of the
plasma and auxiliary gas on the dynamics and temperature
of the gas flow inside and outside the OFI system. On
account of the involved coupling between the phenomena
controlling the process, the methodology was to use a
simple model for plasma formation and a well-known and
not CPU-expensive model for the combustion process.
The common assumption that the chemical reaction rate is
much faster than the time-scale associated with the tur-
bulent gas dynamics was used and the phenomenological
model of Magnussen and Hjertager (Ref 3) was used. This
model called Eddy Dissipation Model (EDM) assumes
that reactions occur infinitely fast and reaction rate is
limited by the turbulent mixing rate of fuel and oxidant.

In this paper, first, the spray system and its various
components are described. The strategy used for the
modeling approach and the main steps of the model are
then presented. Finally, the predictions of gas flow

temperature, velocity, and pressure fields with and without
the plasma source are discussed.

2. The OFI Thermal Spray System

The OFI torch is made of three main components: a
plasma torch, a combustion chamber, and a barrel of vari-
able length as shown in Fig. 1. The 3D internal geometry of
the actual gun is shown in Fig. 2 with the various gas inlets.
There are five of them; they correspond to the inlets for the
plasma-forming gas, auxiliary gas, fuel gas, oxidant gas, and
powder carrier gas. The plasma torch had an internal nozzle
diameter of 6 mm; it operated with argon gas at 400 A. This
brought about an arc voltage of 30 V and an effective
thermal power of 6 kW. Under such conditions, the arc
operated in the so-called ‘‘take-over’’ mode that corre-
sponds to a diffuse arc attachment on the anode wall and
reasonable arc voltage fluctuations (Ref 4-6).

The auxiliary gas (nitrogen) was injected through four
injectors located upstream of the combustion chamber.

Fig. 1 The OFI spray gun system and its different components

Fig. 2 Three-dimensional internal geometry of the actual OFI gun with the different gas inlets
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The fuel gas (methane) and oxidant (oxygen) were not
premixed and injected at the entrance of the combustion
chamber, via 14 and 6 injectors, respectively. The nozzle-
barrel had an internal diameter of 8 mm and a length
ranging between 70 and 150 mm. The main operating
parameters used in this study are summarized in Table 1.
Under these operating conditions, the equivalence ratio U
was equal to 1.

3. Modeling

3.1 Modeling Strategy and Assumptions

The numerical analysis of the whole system requires
the coupling of models for plasma jet formation, gas
combustion, and supersonic gas flow expanding outside
the torch at room conditions. Preliminary 3D CFD cal-
culations with the geometry shown in Fig. 2 helped to
better design the injection of the cold auxiliary gas.
Indeed, in the original configuration of the system, this gas

whose flow rate can be up to six times higher than that of
plasma gas was injected through a single injector and had,
thus, a strong tendency to deflect the flow and create an
asymmetric plasma jet. Therefore, the injection of cold gas
was modified by using four injectors equally distributed
along the plasma torch perimeter.

The following sets of computations were carried out
with the 2D geometry shown in Fig. 3. It assumed that the
system was quasi-symmetrical and includes both the
internal and external fields of the gun.

In addition, to simplify the analysis, the conversion
from electrical to thermal energy in the plasma gas for-
mation was supposed to occur uniformly throughout a
cylindrical portion of the plasma torch. The uniform heat
generation was, then, taken into account as a source term
in the energy equation.

The combustion process modeling was based on two
main assumptions:

(I) The chemical reaction between fuel and oxidant was
very fast compared with species transport and so the

Fig. 3 Two-dimensional calculation domain of the OFI spray system: (A) plasma formation, (B) nonpremixed combustion, (C) powder
carrier gas-flame mixing and (D) gas flow expansion. The number notation (1-6) refers the type of boundary conditions used in
calculations and the letter notation (c) shows the locations where the predicted profiles shown in Fig. 9 stand

Table 1 Main operating parameters of the OFI system used in this study

OFI Gun operating parameters

Gas

Flow rate

Gauge pressure, atm Input temperature, Kslpm g/s

Argon 25 0.7 3.94 283
Fuel: CH4 200 2.2 4.94 283
Nitrogen (carrier gas) 90 1.7 4.94 283
Nitrogen (auxiliary gas) 150 2.9 4.94 283
Oxidant: O2 400 8.8 9.87 283

Barrel Electric arc parameters

Length, mm Exit ˘, mm Current intensity, A Voltage, V

70 8 400 30
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overall rate of reaction was mainly controlled and
limited by the turbulent mixing. This assumption is
satisfactory for nonpremixed flames as established by
the diffusion flame theory (Ref 7, 8), where turbulence
convects and mixes fuel and oxidant into the reaction
zone. In addition, the temperature increase caused by
the plasma jet should lead to an increase in chemical
reaction rate but also enhance the dissociation rate of
products.

(II) The chemical reaction is represented by a global one-
step chemical reaction as follows:

CH4 þO2 þN2 þAr! products ðEq 1Þ

where the combustion products considered are: CO2,
H2O, Ar, and N2.

The reaction represented in Eq 1 supposes that the
combustion of CH4 is complete and that N2 and Ar
species do not participate to the reactions. It also sup-
poses that (i) the combustion products do not dissociate
into lower molecular species (OH, H, etc.) as it could
be expected at the temperatures reached in the com-
bustion chamber. This global reaction was used for the
sake of simplifying the combustion model, even if at
stoichiometric conditions, species as CO, OH, NO, O,
and H will appear in small quantities. Under stoichi-
ometric and adiabatic conditions and considering these
minor species, the temperature reached at the end of an
equilibrium combustion process at atmospheric pressure
where the reactants are at 300 K is in average equal to
2,230 K (Ref 7, 8). So, assuming no product dissociation
and not taking into account the minor species would
bring about an overestimate of the predicted gas
temperature.

3.2 Gas Flow

The fluid dynamics equations were solved, in the whole
computational domain, under the following assumptions:
the flow was considered as steady, two-dimensional,
dilatable, and compressible. The gas mixture was assumed
to be in local thermal equilibrium and optically thin.

The conservation equations consisted of the momen-
tum and energy equations for a multi-species compressible
gas mixture, continuity equation for each component of
the mixture, and the state relation of ideal gas (Ref 9).
They are given in their averaged form after applying
Reynolds decomposition and the density-weighted Favre
averaging (Ref 10). Using the Boussinesq assumption and
the Einstein summation convention (for the sake of clarity,
the Reynolds, and Favre notations were dropped), they
are written as given in Eq 2 to 6:

Mass conservation equation

@

@xi
ðquiÞ ¼ 0 ðEq 2Þ

where q and ui are the averaged density and velocity,
respectively.

Momentum conservation equation

@

@xi
ðquiuiÞ ¼ �

@p

@xi
þ @

@xi

�
ðlþ ltÞ

�
@ui

@xj
þ @uj

@xi

� �

�2

3

@ul

@ul

� �
dij

�
� 2

3
qkdij

�
ðEq 3Þ

where p is the averaged pressure; l and lt are the
molecular and turbulent dynamic viscosity, respectively.
The symbol dij is the Kronecker delta tensor operator.

Total energy equation

@

@xi
ðuiðqEþ pÞÞ

¼ @

@xi
qðjþ Cplt=PrtÞ

@T

@xi
þ
X

a

haJa þ uisijeff

" #
þQ

ðEq 4Þ

where E ¼ h� p
qþ u2

2 , h is the specific enthalpy, Prt is the
Prandtl turbulent number, j the thermal conductivity, and
Ja is the mass diffusion in turbulent flow of the a species
calculated according to the following expression:

Ja ¼ qDam þ
lt

Sct

� �
rYa ðEq 5Þ

where Dam is the diffusion coefficient of the species a in
the mixture and Sct the Schmidt turbulent number defined
as Sct = lt/qDt with Dt the turbulent diffusivity.

In the case of laminar flows, Eq 5 becomes the diffu-
sion Fick�s law; the last term between brackets is the vis-
cous dissipation. The Q term includes the heat production
or destruction by chemical reactions (

P
a¼1;n xaDh0

aMa,
where xa is the production/destruction reaction molar rate
of the a species, Dh0

a is its specific formation enthalpy and
Ma is its molecular weight) and other volume heat sources
like heat released by the electric arc.

Species transport equation
The average mass fraction Yi of the ith species of the

multi-species flow can be written as follows:

@

@xj
ðqujYiÞ ¼

@

@xj
qDim þ

lt

Sct

� �
@Yi

@xj

� �
þ Ri ðEq 6Þ

where Ri is the average net rate of production of the
species ith by chemical reaction and Dim is the diffusion
coefficient of this species in the mixture.

3.3 Calculation of Transport and Thermodynamic
Gas Properties

The transport and thermodynamic properties of gas
mixture were calculated using mixing laws (Ref 11) with
temperature-dependent properties for each species, for
temperature ranging between 300 and 15,000 K (Ref 12).
These properties should also depend on the pressure as
the working pressure, in the calculation domain varied
between the atmospheric pressure to 6 9 105 Pa. Raffanel
showed (Ref 13) that an increase in pressure resulted
in a shifting of the peaks of the temperature-variation
properties curves toward higher temperatures because of
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species ionization and/or dissociation. The average
increase was about 5 or 10% for pressures ranging
between 105 and 8 9 105 Pa. In this study, the thermo-
dynamics and transport properties of gases were calcu-
lated at atmospheric pressure except for the density that
was subjected to change by one order of magnitude in the
calculation domain due to pressure variation. The mixture
density was, then, calculated from the temperature-
dependent density and mass fraction for each species and
a correction factor was introduced to take into account the
pressure-variation according to the ideal gas law.

3.4 Turbulence Model

An improved version of the standard k-e model (Ref 14),
called ‘‘k-e realizable,’’ was used in this study. This
model is based on a new formulation of turbulent viscosity
and a transport equation for the dissipation rate e derived
from an exact equation of the transport of the mean-
square vorticity fluctuation. It results in a better repre-
sentation of the production and dissipation of the kinetic
energy, especially in anisotropic turbulent zones and pre-
dicts more accurately the spreading rate of round jets. The
transport equations for the k-e realizable model are the
following:

@

@t
ðqkÞ þ @

@xi
ðqkuiÞ ¼

@

@xj
lþ lt

rk

� �
@k

@xj

� �
þGk � qe� YM

ðEq 7Þ

and

@

@t
ðqeÞ þ @

@xi
ðqeuiÞ ¼

@

@xj
lþ lt

re

� �
@e
@xj

� �
þ qC1Se

� qC2
e2

kþ
ffiffiffiffiffi
me
p ðEq 8Þ

where

C1 ¼ max 0:43;
g

gþ 5

� �
; g ¼ S

k

e
S ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

p

Gk ¼ 2ltSijSji; with Sij ¼
1

2

@uj

@ui
þ @ui

@uj

� �
:

The term YM is defined by YM ¼ 2qeM2
t , with Mt ¼

ffiffiffiffiffiffiffiffiffiffi
k=a2

p
where a �

ffiffiffiffiffiffiffiffiffiffi
cRT
p

is the speed of sound.
The turbulent viscosity lt is computed by combining k

and e as follows: lt ¼ qCl
k2

e
The constants C1e, C2e, C3e, Cl, and the turbulent

Prandtl numbers rk and re for k and e respectively, have
the following default values:

C1e ¼ 1:44; C2e ¼ 1:92; C3e ¼ 0; Cl ¼ 0:09; rk ¼ 1:0;

re ¼ 1:3

3.5 Plasma Model

Power generation was assumed to occur uniformly
throughout a portion of the plasma torch nozzle. The

volumetric generation rate Sp was, then, equal to the
instantaneous electric power VI divided by the volume of
a cylindrical portion of the nozzle:

Sp ¼
VI

vol
ðEq 9Þ

The term Sp was introduced in the source term Sh of the
energy equation. The source volume consisted in a cylin-
der with a radius equal to that of the nozzle and a length
equal to 10 mm. This simple model of energy conversion
inside the nozzle yielded an acceptable estimation of the
plasma flow characteristics provided that the length of
the cylinder where the thermal energy is generated and
the boundary condition imposed on the anode wall made
it possible to meet the actual thermal efficiency of the
plasma torch (about 55%).

3.6 Combustion Model

The Eddy-Dissipation Model (EDM) assumes that the
chemical reaction is instantaneous but limited by the
turbulent mixing rate of fuel and oxidant was used
(Ref 15, 16). It is an extension of the Eddy Break Up
concept developed by Spalding (Ref 17). The latter model
assumes that the net rate of production Ri of the ith spe-
cies is proportional to the eddy break up frequency, e/k
that is to the averaged species fluctuations of fresh gases
Y 002f according to the following equation:

R ¼ �CEBUq
k

e
Y 002f � �CEBUq

k

e
Yfð1� YfÞ ðEq 10Þ

where CEBU is an empirical constant determined from
experimental results. The EDM (Ref 3) proposes a dif-
ferent expression for the net rate of production Ri that
depends on the turbulent variables and averaged-mass
fraction of reactants Yr and products Yp. Ri is given by the
smaller (i.e., limiting) value of the reactants (r) and
products (p) reaction rate:

Rr ¼ v0rMrAq
e
k
min

Yr

v
0
rMr

� �
ðEq 11Þ

and

Rp ¼ v00pMpABq
e
k

P
pYpPN

pv00pMp

 !
ðEq 12Þ

where A and B are empirical constants equal to 4.0 and
0.5, respectively, m0 and m00 are the stoichiometric coeffi-
cients of reactants and products of the chemical reaction
and M is their molecular weight.

3.7 Boundary Conditions

The main boundary conditions are shown in Fig. 2 and
summarized in Table 2. For the different gas inlets, they
consisted of imposing the mass flow rate, turbulence
intensity, pressure, temperature, and mass fraction of each
species (Table 1). At the system free far boundaries,
the pressure was set equal to atmospheric pressure; the
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turbulent parameters k and e were computed from the
turbulent intensity and turbulent viscosity ratio that was
equal to 1. At the wall boundaries, k and e were computed
by a classical wall logarithmic law.

4. Results and Discussion

The results presented in this work deal with:

– the effect of the plasma source on the internal and
external gas flow fields,

– a comparison of predictions with some limited experi-
mental data: gas temperature and photography of the
shock waves in the supersonic jet.

The combustion model used in these calculations did
not make it possible to take into account an increase in the
chemical reaction rate that could be brought by the
plasma source. Nevertheless, the fluid model allows pre-
dicting an increase in gas temperature and expansion as
well as gas mixing resulting from the contribution of the
plasma source.

Figure 4 shows the static gas temperature flow fields
inside and outside the gun when the thermal plasma source
was switched on (above) and shut down (below) as well as
its axial evolution along the gun axis. In both configura-
tions, the plasma-forming gas (argon) and auxiliary gas
(nitrogen) were taken into account in calculations.

When the plasma was on, the gas temperature
increased from 300 K up to 13,000 K in the first part of the
spray gun, and, then, it decreased when the plasma jet
mixed with the N2 gas just before it entered the combus-
tion chamber. The combustion proceeded at the periphery
of the Ar-N2 jet where fuel mixed with oxidant and
gradually spread in the whole domain as the turbulence
developed and homogenized the gas flow. As it will be
discussed below, the turbulence in the combustion cham-
ber that controlled, to a great extent, the combustion
process was strongly affected by the velocity and density
differences between the Ar-N2 jet and gases injected in
the chamber. Indeed, the density of these cold gases was
about five times that of the hot Ar-N2 jet.

When the plasma was on, the static temperature on the
gun axis was about 2900 and 1495 K at the gun exit and
200 mm downstream, respectively, while it was about 2720
and 1380 K when the plasma was off. The temperature
measured at 200 mm downstream by using a K-type
thermocouple was about 1270 K when the plasma was on.
The difference (15%) between predicted and measured
temperature could be explained both by the simplistic
reaction scheme represented by Eq 1 and measurement
accuracy (thermocouple measurement accuracy was esti-
mated to be 5% under the conditions of the study).

Figure 5-7 shows the variation along the system axis of
the gas static pressure, velocity, and Mach number,
respectively. In the combustion chamber where the
chemical reaction fed energy, the static pressure reached
4 atm when plasma was off and 4.2 atm when it was on.T
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The static pressure, then, decreased down to the
ambient pressure at the barrel exit. This decrease pro-
ceeded as follows:

– A decrease of 1.75 atm as the gas flow velocity (Fig. 6)
increased by 350-400 m/s because of a narrowing of the
combustion chamber cross section. When plasma was on
the gas velocity was about 350 m/s higher.

– A decrease of about 0.75 atm with an increase in
velocity of about 200 m/s as the gas flows expanded in
the barrel.

– Finally, a decrease of about 1.5 atm in the free jet.
When the plasma was on, the gas velocity was about
250 m/s higher and the shock amplitude was slightly

higher. The variation of gas density along the system
axis showed that the shock diamonds slightly appeared
in the barrel when the plasma was on. This clearly
showed that the barrel design needs to be improved to
prevent their appearance.

The Mach number remained close to one in the spray
gun nozzle and reached 2.4 and 2.6 when plasma was off or
on, respectively, in the free jet.

Figure 8 shows a comparison of the predicted velocity
(a) and filtered shocks fields (c) with photography of the
gas flow outside the spray gun (b). The filtered shocks field
for compressible flows showed in Fig. 8c was defined as:
U
a �
rp
rpj j ¼ 0 if rpj j< 0:1cp1. It gives an imitated Schlieren

Fig. 4 Static gas temperature (K) flow fields when plasma is on (above) or off (below) and variation along system axis (middle). It should
be noted that the color scale is slightly different for the above and below figures
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visualization for the mean flow field and makes it possible
to observe the density variation even if it does not show
the value of fluid density The lower section of the figure
and photography correspond to the operation of the gun
without plasma whereas the upper parts correspond to its

operation with plasma. The location of the two-first Mach
disks was rather well predicted by the model, but the
location of the following disks was slightly shifted. In
addition, both made it possible to see the shock diamond
near the gun exit.

Fig. 5 Static gas pressure (1 atm = 101,325 Pa) along the system axis (the abscissa ‘‘0’’ corresponds to the gun exit)

Fig. 6 Gas velocity (m/s) along the system axis (the abscissa ‘‘0’’ corresponds to the gun exit)

Fig. 7 Mach number values along the system axis (the abscissa ‘‘0’’ corresponds to the gun exit)
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To sum up, the assistance of the combustion by the
plasma jet increased the gas static temperature by about
180 K and lead to a pressure increase by about 0.5 atm in
the combustion chamber. It also brought about a rise in
gas flow velocity of about 250 m/s and the diamond shocks
slightly appeared in the barrel.

As the main objective of this paper was to evaluate and
explain the benefits of the plasma source on the combus-
tion process, several assumptions are proposed below to
explain the effects observed in the predictions and in the
actual system. First, some explanations are given about the

particularities of methane gas combustion, especially at
temperature greater than 1,500 K.

The oxidation characteristics of methane presents some
differences compared to other hydrocarbons due to its
large C-H bond energy (40 kJ more than others) and of
the produced CH3 radical that has a lower reactivity
compared with alkyl radicals from other hydrocarbons
(Ref 18). Therefore, methane combustion requires a high
ignition temperature and energy and it results in a low
flame speed (Ref 19) due to a large ignition time (about
two times this of other fuel) that can be reduced but at

Fig. 8 Comparison of the predicted velocity (a) with jet photographs with plasma (top) and without plasma (below) (b) and shocks
waves field (c)
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least one order of magnitude (by a factor of 550; Ref 20)
by plasma assistance.

The increase in gas temperature helps to break down
the hydrocarbon chains into smaller parts like methyl
radical CH3 and favors the apparition of free radicals like
OH, O, H, HO2, CH3, CHO, etc. that promotes the
combustion reactions. In fact, at temperature greater than
1,500 K:

– the classical initiation chain that produces CH3 by
reaction with O2 for temperature above 800 K, is by-
passed by thermal effects.

– multiple chain-branching reactions like CH4 + M fi
CH3 + MH, CH3 + O2 fi CH3O + O and H2CO + M fi
HCO + MH are favored and produce CO relatively fast.
Associated to the apparition of OH radical above
1,100 K, they favor the following final oxidation step
CO + OH fi CO2 + H.

Figure 9 that represents the radial variation of the
Ar-N2 gas mixture temperature in a cross section located
just before the entrance of the combustion chamber (index
‘‘c’’ in Fig. 3) shows that the plasma source increases the
flow static temperature from 300 K to 7,000 K. Therefore,
chain initiation and multiple-branching steps should be
favored as well as reaction rates.

Nevertheless, these effects are not represented by the
one-step chemical model used in this study and a more
realistic reaction scheme has to be used in future works.

Also, the thermal energy brought by the plasma con-
tributed to expand the gas that lead to an increase in gas
pressure in the combustion chamber; the calculations
predicted an increase of about 0.5 atm. Thus, the collisions
between chemical species and, so, reactions were slightly
favored.

In addition, the plasma jet favored the turbulent mixing
of chemical species as the density and velocity differences
between the Ar-N2 jet and the reacting gas injected in the
combustion chamber was higher when the plasma source
was operating. The predicted radial variation of the tur-
bulent intensity in a cross section located just before the
entrance of the combustion chamber inlet showed that
the turbulence level of the Ar-N2 flow reached 50% when
the plasma was on as the gas velocity increased from
30 m/s to 200-250 m/s and the density was divided by 20.
When the plasma was switched off, the turbulence level of
the Ar-N2 was about 6%.

Figure 10 shows a WC-Co coating manufactured with
the OFI system when the plasma source was on (Ref 1).
The spraying conditions were that summarized in Table 1
and the powder feed rate was 100 g/min. The morphology
of the coating was homogeneous; its averaged hardness
was about 1286 HV with a rather low RMS of about 78
HV. As confirmed by the x-ray analysis, the carbide was
slightly decarburized during the spray process. However,
the values are comparable to those obtained with a Jet
Kote gun when using the same powder with a powder feed
rate lower than 60 g/min (Ref 21).

5. Concluding Remarks

This paper deals with the study of a new thermal spray
process combining HVOF and plasma. A numerical model
of the whole system including the plasma source and a
simple one-step fast chemistry combustion model were
implemented to study the effect of the plasma source on
the gas flow fields. The predicted results showed that,
in the conditions of the study, the increase in gas

Fig. 9 Radial variation of gas static temperature (K) (left side) and turbulent intensity I [%] (right side), in a cross section located just
before the combustion chamber inlet. This cross section is marked by the notation ‘‘c’’ in Fig. 3. It corresponds to a plane orthogonal to
gun axis at abscissa �125 mm. Dashed curve: ‘‘without plasma’’ and solid curve: ‘‘with plasma’’
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temperature and velocity when, the plasma was switched
on was about 180 K and 250 m/s, respectively. The ther-
mal heating provided by the d.c. plasma jet (6 kW) con-
tributed to the temperature increase and gas expansion
as well at the fuel and oxidant mixing due to a higher
turbulence level that favored the combustion process.
In addition, the temperature increase should bring radi-
cals and ions that favor the combustion rate and its
completion.

However, the simplistic reaction scheme and the
assumptions used for methane combustion did not make it
possible to predict the role of these species. In addition,
they also might bring about an overestimate of the com-
bustion temperature. The first step of future work should
be to use more developed reaction scheme that takes into
account minor species and product dissociation.

At last, WC-Co coating manufactured by using the OFI
system with a powder feed rate of 100 g/min showed a
homogeneous morphology with a 1254 ± 149 HV.
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