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An analysis of a low temperature high velocity air fuel (LTHVAF) thermal spray process is presented using
computational fluid dynamics (CFD). The originality of the process lies in the injection of liquid (water)
upstream of the powder injection to control the gas temperature and, therefore, the heat transfer to the
injected particles. First, computational fluid dynamic techniques are implemented to solve the mass, mo-
mentum, and energy conservation equations in the gas phase. A turbulence model based on the renormalized
group theory (RNG) is used for the turbulent flow field. The gas dynamic data are, then, used to model the
behavior of the liquid droplets and particles in the gas flow field. The calculated results show that the liquid
flow rate should range between 20 and 30 kg/h to achieve the optimal gas characteristics for particle treat-
ment. They also show that particle velocity and temperature are strongly affected by particle size. At the gun
exit, the particle velocity and temperature range between 700 and 300 m/s and between 900 and 400 K,
respectively, for Cu and Ni particles with size distributions of 1 to 50 µm. As expected, the smaller particles
have higher velocity and temperature. The metal coatings (Nickel and copper) produced by the LTHVAF
spray process are characterized by low oxide content, low residual stresses, high deposition rates, and good
bonding to the substrate.

Keywords computational fluid dynamics, copper coatings, high-
velocity air fuel (HVAF), nickel coatings, particle be-
havior

1. Introduction

The high-velocity oxygen-fuel (HVOF) thermal spray pro-
cess was developed in the 1980s (Ref 1) and expanded rapidly.
Later and at the same time, the high-velocity oxygen-air fuel
(HVO-AF) and the cold spray processes were developed. The
former combines the HVOF and HVAF processes and is char-
acterized by a flame temperature and velocity variable in a rather
large range and, thus, makes it possible to increase the variety of
the sprayed materials (Ref 2-4). The cold spray technique exhib-
its a high deposition rate and may also be used to deposit metals,
alloys, and composites (Ref 5-7).

In both thermal spray and cold spray processes, the coatings
performances depend, to a great extent, on the velocity, tempera-
ture, and size of the particles at impact on the substrate. There-
fore, the manufacturing of coatings of good quality or any
improvement of the spray efficiency require a detailed under-
standing of the jet flow and its interactions with the sprayed par-
ticles.

The particles must exchange momentum and heat with the

gas flow to accelerate and heat. As it is well known, the main
difference between the thermal spray and cold spray processes
lies in the characteristics of the gas that heats and accelerates the
particles as the gas temperature in thermal spraying is much
higher than in cold spraying. So a question may arise: If the gas
temperature in thermal spraying decreases to the same level as in
the cold spray process, what will happen? Can oxide-free, dense
metal coatings be achieved?

Among the traditional thermal spray processes; the HVAF
process can exhibit high velocity with low temperature thanks to
an additional device (Ref 8). The technique is based on the
HVO-AF spraying system with the injection of a liquid upstream
of the powder injection. This innovative process has character-
istics close to that of the cold spraying process (Ref 8). A sche-
matic diagram of the low temperature high velocity air fuel
(LTHVAF) spraying gun and nozzle is shown in Fig. 1. The
spraying conditions are given in Table 1 and the principle of the
carrier liquid controller used to produce the liquid jet injected in
the gas jet is illustrated in Fig. 2.

Numerical simulations of gas and particle flow through the
HVOF spray gun have already been well documented. The more
recent papers use three-dimensional CFD-analysis with a cou-
pling between particles and gas flow through the exchange of
momentum and energy (Ref 7, 9-12). For instance, the work of
K. Sakaki (Ref 7) deals with a model that makes it possible to
investigate the effect of the entrance geometry of the gun nozzle
for the HVOF spray process. Another work by P.E. Nylén (Ref
12) includes the computational fluid dynamics analysis of gas
and particle flow in flame spraying with a detailed description of
the physical and chemical processes involved. However, until
now, none of the models presented in the literature have dealt
with the low temperature velocity air fuel process.
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In this paper, a three-dimensional computational analysis of
the LTHVAF spraying process with a mixture of kerosene and
air, and simultaneous injection of liquid (water), and metal (Ni
and Cu) particles is presented and compared with measure-
ments. The objective of the work is to develop a tool to study the
effect of gun operating parameters on particle behavior and es-
tablish the optimal spraying parameters.

2. Numerical Model

The following modeling strategy is used: (1) the computa-
tional fluid dynamic techniques are implemented to solve the
mass, momentum, and energy conservation equations in the gas
phase; (2) the gas dynamic data are, then, used to model the
behavior of the water droplets in the gas fields; (3) the Cu and Ni
particles considered as Lagrange entities that exchange momen-
tum and heat with the gas phase, are injected in the gas mixture.

The model developed in this study is based on the following
main assumptions:

• The geometry of the spray process is simplified according
to the scheme of Fig. 3.

• The combustion gases behave as ideal compressible gases.

• The combustion gas flow in the nozzle is a quasi-one-
dimensional isentropic flow of semiperfect gas.

• The profiles of gas velocity, temperature, and pressure are
imposed at the entrance of the combustion chamber.

• The heat transfer between the combustion gas and the
chamber wall is taken into account.

• The sprayed particles are spherical with negligible internal
temperature gradient.

• The particle specific heat is constant.

• The metal particles and water droplets do not exchange
mass with the gas phase and do not participate in any chemi-
cal reaction.

• The particle temperature is below the material melting
point.

2.1 Gas Flow Model

Although the main chemical compounds in the combustion
chamber are CO2, H2O, O2, and N2 (Ref 4), the combustion pro-
cess is based on the non-premixed probability density function
(PDF) distribution model with non-adiabatic previous expan-
sion.

The governing equations of the model are the conservation
equations of mass, momentum, and energy for a viscous, com-
pressible, and turbulent flow. The volume fraction of the par-
ticulate phase is assumed negligible and a one-way coupling be-
tween the gas and particulate phases is modeled by adding
source terms in the gas momentum and energy equations. These
terms represent the momentum and energy exchanges between
the two phases.

The turbulence of the flow is modeled by using a k-� based
model derived from the instantaneous Navier-Stokes equations,
using a mathematical technique called the “renormalization
group” (RNG) methods. The analytical derivation result in a tur-
bulence model with constants that differ from that of the stan-
dard k-� model, and with additional terms and functions in the
transport equations of k and � . A comprehensive description of
the RNG theory and its application to turbulence can be found in
Ref 13.

Nomenclature

p pressure
t time
µ dynamic viscosity
x location
Su,SE user-defined source terms
H total enthalpy
k kinetic energy per unit mass
Pr Prandtl number
� empirically determined constant
Ae atomizer exit area
Cd drag coefficient
�g gas density
T temperature
mp particle mass
cp particle heat capacity
Ap particle surface area
h convective heat transfer coefficient
�p particle emissivity (dimensionless)
� Stefan-Boltzmann constant
�R radiation temperature
dp particle diameter
k� thermal conductivity of the continuous phase
Red Reynolds number based on the particle diameter and

flow-particle relative velocity
Tp particle temperature
cp,� gas heat capacity
�p droplet density
k� thermal conductivity of the gas
Nu Nusselt number

Subscript

p particle
g gas

Fig. 2 Schematic of the liquid case. When the water jet enters the gas
jet, the latter breaks up the water jet into droplets.
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In Eq 1 to 3, Gk is the generation of turbulent kinetic energy
for the mean velocity gradient, Gb is the generation of turbulent
kinetic energy due to buoyancy, YM is the contribution of the
fluctuating dilatation to the overall dissipation rate. C1�, C2�, and
C3� are constants. 	k and 	� are the turbulent Prandtl numbers
for k and �, respectively. Sk and S� are user-defined source terms.

The set of governing equations is solved using the CFD Code
Fluent V6.0 (Ref 14).

2.2 Particle and Droplet Dynamics Equation

The velocity of the gas jet is maximal at the exit of the atom-
izer nozzle and, then, decreases with distance as its momentum
is transferred to the droplet phase and to the ambient gas.

When a spherical particle or droplet is accelerated or decel-
erated during its motion in a fluid, the Newton’s second law is
expressed by:

�dVd

dud

dt
= Vd��d − �g�g −

1

2
�g AdCd�ud − ug��ud − ug� (Eq 4)

Equation 4, which assumes that only the inertia, gravitation,
and the drag forces determine the droplet and particle motion,
makes it possible to determine the variation of droplet and par-
ticle velocity with the distance from the atomization and injec-
tion points, respectively.

2.3 Particle and Droplet Energy Equation

A simple heat balance in the boundary layer surrounding the
particle and droplet is used to calculate the time-variation of the
particle and droplet temperature:

mpcp

dTp

dt
= hAp�T� − Tp� + �p A p���R

4 − T p
4� (Eq 5)

The first term in the right-hand side of Eq 5 corresponds to the
heat exchanged with the gas phase by conduction and convec-
tion, whereas the second term represents the heat exchanged by
radiation. It is supposed that the temperature of the particle is
spatially uniform at any instant.

Equation 5 is solved by using an approximate, linearized
form assuming that the variation of the particle temperature over
one time step is low:

mpcp

dTp

dt
= Ap�−�h + �p�Tp

3�Tp + �hT� + �p��R
4 �� (Eq 6)

As the particle trajectory is computed, Eq 6 is integrated to
obtain the particle temperature at the next time step yielding to:

Tp�t + 
t� = �p + �Tp�i� − �p�e
−�p
t (Eq 7)

where 
t is the integration time step and:

�p =
hT� + �p��R

4

h + �p�Tp
3�t�

(Eq 8)

�p =
Ap�h + �p�Tp

3�t��

mpcp
(Eq 9)

Finally, the heat lost or gained by the particle as it traverses
each computational cell appears as a source or sink of heat in the
subsequent calculations of the gas phase energy equation.

When the droplet temperature reaches the boiling point, the

Fig. 1 Schematic diagram of LTHVAF spraying gun and nozzle

Table 1 Parameters and initial conditions for LTHVAF
spraying

Parameters Initial conditions

Fuel/Air flow rate (Kerosene/(O2N2) 2.5/8/25 L/h
Powder carrier gas (N2) 5L/h
Powder feed rate 4 g/s
Spray distance 200 mm
Injected liquid pressure 3.5 MPa
Particle initial velocity 20 m/s
Particle temperature 300 K
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following equation is applied to predict the variation of the drop-
let size:

ddp

dt
=

4k�

�pcp,�dp
� �1 + 0.23�Red�ln�1 +

cp,��T� − Tp�

hfg
� (10)

Equation 10 has been derived assuming a steady flow at con-
stant pressure. When the radiation heat transfer is active, a slight
modification is used in Eq 10, assuming that the droplet tem-
perature is constant. This yields to Eq 11:

−
ddp

dt
=

2

�phfg
�k�Nu

dp
�T� − Tp� + �p���R

4 − Tp
4�� (Eq 11)

In the absence of radiation, the predictions from Eq 10 and 11
are identical as long as the argument of the logarithm is close to
unity (Ref 14).

The variation in droplet diameter is taken into account in the
trajectory equation (Eq 4) and the energy required for droplet
vaporization is added as a sink term in the energy equation of the
gas phase as it absorbs a part of the gas flow energy.

2.4 Boundary Conditions

The boundary conditions for the LTHVAF flow numerical
model are given in Table 2 and Fig. 3.

2.5 Validation of Model Predictions

During spraying, the flame structure outside the spray gun is
observed by using photographic methods. In addition, the par-
ticle and gas temperature are measured using a Raynger 3i IR
pyrometer (Raytek Corporation, Santa Cruz, CA).

3. Results and Discussion

3.1 Effect of Liquid Volume Flow Rate on Gas
Flow Characteristics

Figure 4 shows the variation of gas velocity and temperature
with the flow rate of water. The injection of the liquid changes
drastically the temperature and velocity of the flame. However,
the flame is still supersonic.

When the supersonic flame is formed after the nozzle, an ap-

propriate liquid injection can be propitious to the spraying pro-
cess as it enables some control on the gas characteristics.
However, if the liquid flow rate is too high it can cause the ex-
tinguishing of flame.

The numerical results show that an increase in the water flow
rate brings about a decrease in the flame temperature and veloc-
ity. In the LTHVAF spray process, the optimal operating condi-
tions correspond to a water flow of about 20 and 30 kg/h. Under
these conditions, the gas temperature is in the order of 600 to 700
K and the gas velocity of 700 to 800 m/s. It should be noticed that
the spraying characteristics are then close to that of the cold
spray technology.

The predicted gas field of the LTHVAF process is shown in
Fig. 5. At the liquid entrance, the low-temperature liquid water

Fig. 3 Schematic diagram of LTHVAF spray process and computational domain

Table 2 Boundary conditions

Parameter, unit
Gas
inlet

Water
inlet

Particle
inlet Wall Far-field

Gas flow, kg/s 0.024 0.9 0.8 … …
Pressure, MPa 0.85 0.35 0.35 … 0.1
Temperature, K 2200 300 … 300 400
Heat flux, W/m2 … … … 5 …

Fig. 4 Variation of gas velocity and temperature with water flow rate
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exchanges energy with the flame and drastically affects the gas
parameters. The flame characteristics are gradually affected
from the edge to the center. Compared with the gas velocity, the
injected water radial velocity is very small but the mixing with
the gas phase will be favored by the engulfment process due to
turbulence.

3.2 Effect of Particle Size on Particle Behavior

Figure 6 shows the particle size distribution and the particle
in-flight behavior. The calculations make it possible to deter-
mine the optimal liquid flow rate for a specific particle velocity.

The particle size distribution is defined by fitting the actual
size distribution data to a Rosin-Rammler distribution (Ref 14);
the particle size range is divided into a set of discrete size ranges,
each defined by a single value.

When the water mass flow rate is about 20 kg/h, the Ni and
Cu particle temperature (Fig. 6b) are higher than 900 K for par-
ticles with diameter less than 20 µm. Indeed, the particle track
may separate with the water droplet tracks as the particle density
is much higher than that of water. As expected, the particle tem-
perature decreases when the gas temperature decreases.

At the gun exit, the velocity and temperature of Cu particles

Fig. 5 Axial velocity and temperature contours of the flame plume in the plane of symmetry and cross section (A-A�): (a) velocity contours; (b)
temperature contours
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with diameter ranging between 1 and 50 µm, vary between 700
and 300 m/s and between 900 and 400 K, respectively.

The particle in-flight behaviors in the gun are shown in Fig. 7.
During the process, the atomized water is vaporized. However,
the metal particles can be easily injected up to the flame core due
to a higher density. The gas temperature and velocity in the
flame core are higher than that of particles and, thus, the particles
can be heated and accelerated.

The predictions show that the smaller particles are acceler-
ated to a higher velocity but slow down rapidly due to their
smaller momentum inertia, whereas the larger particles are ac-
celerated with some difficulty. The same tendency is observed
regarding the effect of particle size on its thermal history.

When the particles and water droplets are injected in the
flame, the gas fields change, as shown in Fig. 8. The z-direction

characteristics of the flame gas become asymmetrical and the
gas temperature is lower in the planes where the particles and
droplets are injected.

In the spray process, the discrete phases enter the flame gas
core step by step. The metal particles can get the necessary en-

Table 3 Material melting point

Material Melting point, K

Sn 503
Pb 600
Zn 692
Mg 923
Al 933

Fig. 6 (a) Copper and nickel particle size distributions and (b) behavior at gun exit.

Fig. 7 In-flight Cu particle behaviors along the axial distance: (a) velocity; (b) temperature
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ergy for melting and acceleration. So, the required relationships
between the particle diameter and physical characteristics with
the flame velocity, temperature, and the gun design are
achieved.

3.3 Experiment Evaluation

In this study, the gas temperature is determined from the
melting of metal rods put in the flame. The melting points of
some materials are listed in Table 3. Table 4 shows the predicted
and measured gas and particle temperature for various operating
conditions. The agreement between predictions and measure-
ment is acceptable.

3.4 Manufacturing Coatings by the LTHVAF
Spraying Process

Copper and nickel coatings are manufactured under the op-
timal operating conditions predicted by the numerical simula-
tions. The substrate is medium carbon steel and the coating
thickness is 0.3 mm. The microphotographs and XRD graphs of
the Cu and Ni coatings are shown in Fig. 9(a) and (b), respec-
tively.

The coatings are dense with very low porosity and oxide con-
tent. Only small holes in the Cu coatings and some cracks in the
Ni coatings are visible. Indeed, the particle temperature does not
exceed 900 K and the particles are not subjected to oxidation in
the spray process. Therefore, the coatings composition is iden-

Fig. 8 Contours of gas characteristics when metal particles are injected: (a) temperature contours; (b) velocity contours (m/s)
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tical to that of the original powders (Fig. 9). In addition, when
the particle velocity exceeds a critical value, the coatings will be
formed easily.

The Cu coating bonding strength measured by the
Instron1195 electron drag testing machine (Ref 15) is shown in

Table 5. The mean bond strength of the coatings is 16.43 MPa.
The fracture always occurs at the interface between the coatings
and substrate. It shows that the coatings are characterized by
little oxidation, low residual stresses, and high cohesion struc-
ture

4. Summary and Conclusions

In this paper, a three-dimensional model of the LTHVAF
spray process with simultaneous injection of water droplets and
metal particles has been presented.

The main conclusions drawn from the current study are:

• The flame temperature and velocity are affected by the in-
jection of the liquid in the combustion gas. A water film

Table 4 Comparison of predicted and measured gas temperature at gun exit

Airflow,
kg/s

Kerosene flow rate,
kg/s

Liquid flow rate,
L/h

Gas temperature, K

Simulations Experiments

0.02248 0.00152 50 755 520 ± 50
0.02248 0.00152 20 780 640 ± 80
0.02248 0.00152 18 800 670 ± 94
0.02248 0.00152 10 975 846 ± 83
0.02248(a) 0.00152 0 1250 1310 ± 87

(a) HVAF state of the HVO/AF spray

Table 5 Bond strength of Cu coatings

Sample
number

Maximum
load, MPa

Mean load,
MPa

11 8.01* …
12 17.50 …
13 18.14 16.43
14 19.68 …
15 18.82 …

Fig. 9 Microphotographs of coating surface and XRD graphs of Cu and Ni coatings: (a) and (c) Cu coatings; (b) and (d) Ni coatings
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forms at the edge of the flame and enters progressively in
the gas. Therefore, a conical region is formed. The numeri-
cal results show that the appropriate flame characteristics
are achieved when the water flow rate is about 20 to 30kg/h.
The gas temperature and velocity is, then, about 600 to 700
K and 700 to 800 m/s, respectively. These characteristics
are close to that of the cold spray process.

• The calculations of particle behavior in the gas flow show
that the velocity and temperature of Cu and Ni particles of 1
to 50 µm range between 700 and 300 m/s, and 900 and 400
K, respectively. The Cu and Ni coatings exhibit low oxide
content, low residual stresses, high deposition rates, and
good coating bond strength.

In conclusion, the work presented in this paper makes it
possible to develop a comprehensive model of the three-
dimensional characteristics of a LTHVAF spray process with
the simultaneous injection of metal particles and water droplets.
It proposes a new process with characteristics close to that of the
cold spray process.
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