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Abstract

The combustion assisted thermal spray systems are being used to apply coatings to prevent surface degradation. They offer a highly attractive
way to modify the surface properties of the substrate to extend the product life. In addition to the materials being sprayed, the quality of combustion
assisted thermal spray coating depends greatly on the flow behavior of reacting gases and particle dynamics. The present study investigates the
effect of gas phase and its interaction with particles through the nozzle of a thermal spray gun by developing a comprehensive mathematical
model. The objective is to develop a predictive understanding of various design parameters of combustion assisted thermal spray systems. The
model was developed by considering the conservation of mass, momentum and energy of reacting gases. The particle dynamics was decoupled
from the gas phase dynamics since the particle loading in the spray process is very low. The developed model was employed to investigate the
influence of various design parameters on the coating quality of thermal spray process.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Combustion assisted thermal spray processes have been
widely used in many applications including aerospace, automo-
tive, power generation industries, and many others [1–6]. They
are mainly used to improve the material surface properties, such
as roughness and thermal resistance, and to rebuild the worn
components. These spraying techniques use the thermal energy
produced by the combustion of fuel with oxygen to heat and
propel the particles. There has been an increasing interest in the
combustion based thermal spray processing in recent years mo-
tivated by several factors, including:

(i) Combustion based thermal spray processes provide an ef-
ficient way for depositing coatings of nanostructured ma-
terials [7];

(ii) the powder particles hit the substrate with relatively high
speed, which produces coatings with high density and high
hardness; and
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(iii) relatively low gas temperature prevents particles from be-
ing superheated during flight and helps to preserve the
nanocrystalline/amorphous structure of deposits [8].

However, the combustion assisted processes are not free
from problems and many application difficulties exist. For ex-
ample, a considerable amount of carbon and oxygen can be
picked up from the combustion gases, which may result in se-
vere brittleness. Therefore, it is necessary to control the com-
bustion products or in turn understand the combustion process
itself for utilizing materials that are chemically sensitive. Such
problems are also encountered in nanostructured material depo-
sition due to high surface reactivity of fine powders.

In addition to the materials being sprayed, the quality of
combustion assisted thermal spray coating depends greatly on
the flame characteristics including its temperature, location,
shape and emissions generated. For the best coating quality,
the combustion chamber of the spray gun system must burn
a stoichiometric mixture generating a predefined temperature.
Any excess amount of fuel (rich mixture) will result in the gen-
eration of soot and other particulate which will contaminate
the coating. Similarly, an excess amount of air (lean mixture),
which will result in unburned air, will also contaminate the coat-
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Nomenclature

Aebu empirical coefficient in eddy breakup model
Ap particle cross-sectional area
Bebu empirical coefficient in eddy breakup model
c turbulent model constant
CD drag coefficient
Cp specific heat at constant pressure
dp particle diameter
⇀
F external force
hc convective heat transfer coefficient
H overall enthalpy
k turbulent kinetic energy
mp mass of particle
Nu Nusselt number
p gas pressure
Pk production rate of turbulent kinetic energy
Pr Prandtl number
R gas constant
RF volumetric fuel consumption rate
Re Reynolds number
S source term
t time

T temperature
ui velocity in the i-direction
⇀
U instantaneous gas velocity vector
xi spatial coordinate in the i-direction

Greek variables

ε rate of turbulent kinetic energy dissipation
λ thermal conductivity
μ molecular viscosity
μeff effective viscosity
Γk diffusion coefficient of k

Γε diffusion coefficient of ε

ρ density
σ turbulent model constant

Subscripts

F fuel
g gas
O oxidant
p particle
P combustion product
t turbulent
ing by oxidation. The effect of the flame location and shape on
the coating quality can be controlled by accurately monitoring
the flow rate and ensuring flow uniformity through all nozzles.
In addition to a deteriorating coating quality, the partial block-
ing of some nozzles will also result in localized high tempera-
tures which may eventually cause the meltdown of combustion
chamber of the spray gun. To avoid such a catastrophe and poor
coating quality requires the continuous monitoring and control
of the physical and chemical processes occurring in the thermal
spray system. This requires good fundamental understanding of
these processes.

The microstructure and physical properties of the coatings
are highly dependent on the momentum and thermal history of
particles impinging on a substrate and the size distribution of
the particles. These, in turn, are determined by the gas phase
dynamics and a large number of parameters such as the spray
gun design (which is typically a converging-diverging nozzle),
the fuel/oxygen ratio, the gas jet formation, the position of sub-
strate in relation to the gun, the particle size, shape, materials,
and injection method, etc.

Modeling can play an important role in gaining insight on
these processes. Modeling can also assist in the design and de-
velopment of efficient combustion assisted thermal spraying
system, and can serve as a cost-effective tool for the design
optimization. Over the last decade, the need to optimally de-
sign and operate thermal spray processes has motivated signifi-
cant research on the development of fundamental mathematical
models to explicitly account for the various physicochemical
phenomena and to describe the dynamic behavior of various
process components.
The processes in the spray gun are complex and involve two-
phase (gas and liquid or solid particles) turbulent flow, heat
transfer, chemical reactions, and supersonic/subsonic flow tran-
sitions [9]. The simulation of combustion assisted thermal spray
processes mainly involves three parts: modeling of gas flow
field, modeling of in-flight particle behavior, and modeling of
particle impact and coating formation. Since the particle load-
ing in these systems is generally very low, it can be assumed
that the presence of particles will have negligible effect on the
gas velocity and temperature. This allows the decoupling of par-
ticle and gas field. Therefore, all the three parts can be modeled
separately. Some of the previous combustion assisted thermal
spray modeling work focused only on the particle behavior by
assuming a known gas velocity and temperature [10–12]. Other
modeling approaches considered both the gas phase and particle
behavior by decoupling the gas field and the particle dynamics
[6,9,13]. Some other studies considered the simulation of par-
ticle impact and deformation and coating formation [14–18].
However, the use of modeling in gaining a predictive under-
standing of various design and operating parameters of combus-
tion assisted thermal spray systems has received little attention.
Cheng et al. [9] conducted a comprehensive study to investigate
the effect of various design parameters on the performance of
thermal spray systems. However, they only considered the gas
phase dynamics and did not include the interaction of gas phase
on the particle dynamics. Furthermore, they employed a very
simplified chemical mechanism, which consisted of a single-
step and infinitely fast reaction rate.

The current work is motivated by recognizing the voids in
the published literature, particularly in the area of model based
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optimization of combustion assisted thermal spray systems. It
conducts a numerical investigation of the influence of vari-
ous design and operating parameters on the performance of
combustion assisted thermal spray systems. The mathematical
model employed in this investigation includes the gas phase and
the particle dynamics, and a multi-step chemical mechanism
with finite reaction rates.

2. Mathematical formulation

The mathematical model is developed by decoupling the gas
flow and particle fields. This allows solutions of gas phase and
particle phase separately. The modeling of the gas flow field in
the gun barrel and in the free jet involves the consideration of
conservation of mass, momentum and energy, with turbulence
and chemical kinetics. The resolved gas velocity and tempera-
ture will be used for the modeling of particle behavior, which
involves the tracking of particle velocity, position, temperature,
and size distribution. The flow chart of modeling approach is
shown in Fig. 1.
Eulerian formulation and ideal gas assumption are used for
the gas phase to solve the high speed, compressible, New-
tonian flow. Lagrangian formulation is used for the particle
phase. The present study considers a single particle tracking.
The effect of multiple particles and size distribution will be
considered in a future study. Since the spray gun is axisym-
metric, a two-dimensional domain was considered, as shown in
Fig. 2.

2.1. Gas phase dynamics

The governing equations for the gas phase were developed
by considering the conservation of mass, momentum and en-
ergy. The turbulence effects were modeled by using a k–ε

model. The resulting governing equations are listed below:

Continuity:

∂ρ

∂t
+ ∂(ρuj )

∂x
= 0 (1)
j

Fig. 1. Flow chart of modeling approach.

Fig. 2. Geometry of the spray gun system (dimensions in mm).
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Momentum:
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Equation of state:

p = ρRT (4)

where

μeff = μ + μt (effective viscosity) (5)

μt = ρcμ

k2

ε
(eddy viscosity) (6)

H = h + 1

2
(uiui) + k (overall enthalpy) (7)

k–ε turbulence model:

Turbulent kinetic energy:

∂

∂t
(ρk) + ∂

∂xj

(ρuj k) = ∂

∂xj

(
Γk

∂k

∂xj

)
+ Pk − ρε (8)

Rate of turbulent kinetic energy dissipation

∂

∂t
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∂xj

(ρuj ε) = ∂
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(
Γε

∂ε

∂xj
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+ ε

k
(c1Pk − ρc2ε) (9)

where Γk and Γε represent diffusion coefficients of k and ε re-
spectively. They are expressed as:

Γk = μ + μt

σk

(10)

and

Γε = μ + μt

σε

(11)

Pk represents the production rate of turbulent kinetic energy
and is determined as:

Pk = μt

(
∂ui

∂xj

+ ∂uj

∂xi

)
∂ui

∂xj

− 2

3

(
ρk + μt

∂ul

∂xl

)
∂uk

∂xk

(12)

The following values were used for the constants: c1 = 1.44,
c2 = 1.92, σk = 1.0, σε = 1.3, and cμ = 0.09.

Combustion:
The combustion of fuel (propylene) was modeled by using

the following 4-step kinetic mechanism:
C3H6 + 0.5O2 → 3CO + 3H2 (13)

CO + 0.5O2 → CO2 (14)

H2 + 0.5O2 → H2O (15)

H2O + 0.5O2 → 2OH (16)

To consider the interaction between eddy motion and chemi-
cal reaction, the eddy break up model was used to express the
reaction rate [19]. This model provides a general concept for
treating the interaction between turbulence and chemistry in
flames. The model assumes that the reactions are completed at
the moment of mixing, so that the reaction rate is completely
controlled by turbulent mixing. According to the eddy break-
up model, the volumetric ‘fuel’ consumption rate is given by:

RF = −ρε

k
Aebu min

[
mF ,

mO

sO
,Bebu

mP

sP

]
(17)

where

sO ≡ nOMO/nF MF (18)

sP ≡ nP MP /nF MF (19)

Here Aebu and Bebu are empirical coefficients with normal de-
fault values 4 and 0.5, respectively. The subscript F , O and P

represent fuel, oxidant and products, respectively.

2.2. Particulate phase dynamics

The particle trajectories and temperature histories in the gas
field are computed by the momentum and heat transfer equa-
tions. Because the acceleration and deceleration of particles in
the moving gas in the combustion assisted thermal spray sys-
tem are dominated by the drag force, the particle motion can be
described by the following ordinary differential equations

mp

d
⇀
V p

dt
= 1

2
ρgApCD(

⇀
Ug − ⇀

Up)| ⇀
Ug − ⇀

Up |+ ⇀
F (20)

Here mp is the mass of particle,
⇀
Up and

⇀
Ug are instantaneous

particle and gas velocities, ρg is gas density, Ap is particle

cross-sectional area,
⇀
F represents the external forces, and CD is

drag coefficient, which is modeled by the following correlation:

CD =
{

24(1 + 0.15Re0.687
p )/Rep, Rep � 103

0.44, Rep > 103 (21)

where

Rep = ρg

| ⇀
Ug − ⇀

Up |
μg

dp (22)

Here, μg is the viscosity of the gas and dp is the particle diam-
eter.

In the spray process, the particle Biot number is typically
less than 0.1 [20]. This means that particles are heated with
negligible internal resistance and the temperature gradients in-
side the particles can be ignored. Consequently, the equation
describing the heat transfer between a single particle and the
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Fig. 3. Computational mesh.
gas reduces to a first-order ordinary differential equation of the
form:

mpCp

dTp

dt
= Aphc(Tg − Tp) (23)

where Cp is the specific heat of the particle and hc is convective
heat transfer coefficient, which is defined as:

hc = Nuλ

dp

(24)

where Nu is the Nusselt number, which is obtained from the
following correlation proposed by Ranz and Marshall [21]:

Nu = 2.0 + 0.6Pr0.33Re0.5 (25)

2.3. Boundary conditions and computational domain

There are three inlets at the nozzle inlet. All gas inlet tem-
peratures are assumed to be at 293 K. The walls are smooth and
adiabatic. The pressure is assumed to be 1 atm at open bound-
aries. The chemical mechanism considered seven gas species:
C3H6, O2, CO, H2, CO2, H2O, N2, as in Ref. [6]. The val-
ues of solid particle diameter, specific heat and density were:
dp = 15 µm, Cp = 450 J kg−1 K−1, ρp = 7900 kg m−3.

The computational domain, as shown in Fig. 3, consists of
80 × 8 grids inside the gun barrel and 150 × 23 grids outside
the barrel. In the horizontal direction, the outside mesh included
120 uniform grids for the first 120 mm followed by 30 stretched
grids. The outside mesh in the vertical direction included 8 uni-
form grids for the first 6 mm followed by 15 stretched grids.

3. Model validation

Using the current gas phase and particle tracking model, the
results for particle temperature and velocity were compared
with the numerical and experimental results of Ref. [6], as
shown in Fig. 4. The nozzle exit is located at an axial distance
of 80 mm. The flow rates of reactants, coolant and carrier gas,
the fuel/oxygen ratio, and the particle properties were setup ac-
cording to the conditions of Ref. [6]. The figure shows that the
particle temperature and velocity from the current model are
close to the numerical results of Ref. [6] inside the nozzle and
right after the nozzle exit. The current model also simulates the
experimental results more accurately than the numerical results
of Ref. [6] at the farther part of the domain.

4. Results and discussion

The model is employed to investigate the influence of var-
ious design parameters on the performance of thermal spray
system. The following sections describe the effects of some of
the important parameters.
(a)

(b)

Fig. 4. Comparison with experimental and previous numerical results for
(a) particle temperature and (b) particle velocity variation with distance.

4.1. Effects of the reactant mass flow rate

The reactant mass flow rate has significant effects on the gas
phase and particle properties, as shown in Fig. 5. The increase
in reactant mass flow rate increases the total mass flow rate,
which causes an increase in gas pressure (as evident from ideal
gas equation). Along the diverging section of the nozzle, the
gas mixture achieves supersonic speed and the pressure at the
nozzle exit drops to below atmospheric for all cases. This re-
sults in shock waves at the exit. Since the exit pressure is lower
for lower reactant mass flow rate cases, the pressure jumps are
relatively higher for these cases, however, they reach at the
equilibrium value (ambient pressure) faster. The increase in re-
actant mass flow rate decreases the fluctuation amplitude but
increases the time to achieve equilibrium.
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(a) (b)

(c) (d)

(e) (f)

Fig. 5. Effect of reactant mass flow rate: Variation of (a) gas phase pressure; (b) gas phase velocity; (c) gas phase temperature; (d) reactant mass fractions; (e) particle
temperature; and (f) particle velocity.
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The gas phase temperature is also influenced by the reactant
mass flow rate. The influence is different on different parts of
the nozzle. This is due to the fact that the temperature is sig-
nificantly influenced by combustion, which is highly dependent
on the mass fraction of fuel and oxygen. The mixture is oxygen
rich from the inlet up to 50 mm inside the nozzle where fuel
concentration becomes the determining factor for the combus-
tion intensity. Hence, the temperature is higher for higher mass
flow rate in this region since the fuel concentration is higher.
The mixture becomes oxygen lean from this region to a dis-
tance of approximately 200 mm from the nozzle inlet. In this
region, the combustion rate is determined by the availability of
oxygen. Consequently, the temperature is lower for higher mass
flow rate in this region. At the nozzle exit, the temperature pro-
file undergoes a jump owing to shock waves. The amplitude of
temperature jump decreases with an increase of reactant mass
flow rate. At a distance farther from the nozzle exit, the ambi-
ent oxygen penetrates to the centerline from outside and reacts
with the existing fuel. This results in higher temperature for the
higher reactant mass flow rate case.

The gas phase velocity increases with an increase of reac-
tant mass flow rate. For all cases, the velocity continuously
increases along the nozzle and is at its peak value at the nozzle
exit. The effect of reactant mass flow rate is negligibly small in
the converging section of the nozzle but becomes gradually sig-
nificant along the diverging section. At the exit, owing to shock
waves, the velocity profile undergoes a jump for all cases. The
amplitude of velocity jump is higher at lower reactant mass flow
rate, which experiences a greater pressure increase. Similar to
pressure profile, the velocity profile of lower reactant mass flow
rate case reaches at the equilibrium value faster.

The reactant mass flow rate also affects the particle temper-
ature and velocity. The particle temperature increases with an
increase of reactant mass flow rate and the corresponding in-
crease of gas temperature. The effect is more significant near
the nozzle exit. Note that the particle temperature does not fol-
low the gas temperature’s decreasing trend near the nozzle exit.
This can be explained by considering that the particle is at much
lower temperature than the gas phase, and hence, it still gets
heated when the gas phase is losing temperature. The particle
reaches its peak outside of the nozzle. After reaching the peak
value, the particle experiences some temperature drop. At this
point, the reactant mass flow rate does not have any appreciable
effect on the particle temperature. The increase of reactant mass
flow rate also increases the particle velocity. The increase is ow-
ing to corresponding higher gas phase velocity, which provides
a better convection environment for accelerating the particle.
The effect is greater outside of the nozzle.

4.2. Effects of the mass flow rate of coolant

The variation in coolant mass flow rate also affects the gas
phase and particle properties, as shown in Fig. 6. Its effect on
the gas phase pressure is similar to that of the reactant mass flow
rate. An increase in coolant mass flow rate increases the total
mass flow rate, which, in turn, causes an increase in gas pres-
sure. As expected, the increase in coolant flow rate decreases
the gas phase temperature in the initial part of the nozzle. For
all cases, the temperature reaches a peak value in the diverging
section of the nozzle. However, in this part of the nozzle, the
temperature is lower for less cooling flow rate case. This can be
explained by considering that less coolant mass flow rate case
has lower thermal inertia and, hence, loses heat relatively faster
than that of the high coolant mass flow rate case. Outside of
the nozzle, the coolant has sufficient time to penetrate to the
center and, hence, the temperature is lower for higher coolant
flow rate. Overall, the effect of coolant flow rate inside the noz-
zle is small, which is due to the fact that the coolant is injected
above the centerline and it does not immediately penetrate to
the center of the spray domain. Hence, the centerline velocity
and temperature profiles, shown in Figs. 6(b) and 6(c), exhibit
little effect of varying coolant flow rate.

However, the variation in coolant flow rate has much greater
effect near the coolant inlet, for example, along an upper line
at y = 3 mm. In this case, an increase in coolant flow rate de-
creases the gas phase temperature inside and outside of the
nozzle. An increase of coolant flow rate shifts the location of the
peak temperature away from the nozzle inlet. For some cases,
there are small temperature jumps inside the nozzle, which are
initiated at locations within the reaction zone, where the rate
of cooling is faster than the rate of heat released for a short
period of time. For all coolant mass flow rates, the gas phase
velocity profiles show similar trends. Near the nozzle inlet (up
to 20 mm), the centerline velocity is not much affected by the
coolant flow rate. Further along the length, the velocity in-
creases with a decrease of coolant mass flow rate. Similar to
the effect of reactant mass flow rate, the velocity jump at the
nozzle exit is larger for lower coolant mass flow rates. The ef-
fect of coolant mass flow rate on the velocity profiles near the
coolant injection location are similar but stronger.

The coolant mass flow rate does not have any significant ef-
fects on the particle temperature and velocity inside the nozzle.
Outside of the nozzle, an increase of coolant flow rate decreases
the particle temperature and increases its velocity.

4.3. Effects of fuel/oxygen ratio

Fig. 7 shows that the fuel/oxygen (F /O) ratio has signifi-
cant effect on both the gas phase and particle. The increase in
F /O ratio increases the gas phase pressure near the nozzle in-
let. The increase is greater at the lower values of F /O ratio and
gradually becomes smaller. There is no significant difference in
pressure values for F /O ratios of 0.3 and 0.35 (rich mixture).
The pressure profile does not follow the same trend throughout
the nozzle length. Near the nozzle exit, the pressure values of
F /O ratios of 0.3 and 0.35 fall below that of the F /O ratio of
0.25 (lean mixture). At the nozzle exit, the pressure is below at-
mospheric and the shock waves exist for all the F /O ratio cases.
The pressure jump is higher and the fluctuations in the pressure
profile last longer for higher values of F /O ratios.

The effects of F /O ratio on the gas phase temperature are
similar to the effects of reactant mass flow rate, because the
temperature is influenced by combustion, which is highly de-
pendent on the availability of fuel and oxygen. The results show
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(a) (b)

(c) (d)

(e) (f)

Fig. 6. Effect of coolant mass flow rate: Variation of (a) gas phase pressure; (b) gas phase temperature along the centerline; (c) gas phase velocity along the centerline;
(d) gas phase temperature along an upper line; (e) particle temperature; and (f) particle velocity.
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(a) (b)

(c) (d)

(e)

Fig. 7. Effect of fuel/oxygen ratio: Variation of (a) gas phase pressure; and (b) gas phase velocity; (c) gas phase temperature; (d) particle temperature; and (e) particle
velocity.
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(a) (b)

(c) (d)

(e)

Fig. 8. Effect of preheating of the reactants: Variation of (a) gas phase pressure; and (b) gas phase velocity; (c) gas phase temperature; (d) particle temperature; and
(e) particle velocity.
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that the temperature peak inside the nozzle increases with an in-
crease of F /O ratio. For F /O ratio below stoichiometric value
(∼0.29), an increase in F /O ratio shifts the peak temperature
location away from the nozzle inlet. The peak temperature lo-
cation starts moving back toward the nozzle inlet as the F /O
ratio is increased beyond the stoichiometric value. The effect
of F /O ratio on the gas temperature at the nozzle exit also de-
pends on whether it is lean or rich mixture. For the lean mixture
(F /O ratio < 0.29), an increase in F /O ratio increases the exit
temperature, whereas, an increase in F /O ratio decreases the
exit temperature for a rich mixture (F /O ratio > 0.29). The
rich cases (F /O ratios of 0.3 and 0.35) have additional amount
of unburned fuel at the nozzle exit, which burns with the out-
side air. Consequently, outside of the nozzle, the rich cases have
higher peak temperatures.

The gas phase velocity increases throughout the nozzle, with
the peak value occurring at the exit. The velocity is similar for
different F /O ratios near the nozzle inlet (up to approximately
20 mm length). The effect of F /O ratio becomes important af-
ter the combustion is initiated. After that, an increase of F /O
ratio results in an increase in the velocity for lean mixtures and
a decrease for rich mixtures. Outside of the nozzle, the veloc-
ity increases with an increase of F /O ratio for both lean and
rich mixtures. The increase in velocity for rich mixtures is due
to higher temperatures of higher F /O ratio cases, as explained
earlier.

The variation in gas phase temperature and velocity caused
by F /O ratio variation also affects the particle temperature and
velocity. The effects are relatively higher at low F /O ratios and
become gradually smaller at higher F /O ratios. The increase
of F /O ratio generally increases the particle temperature and
velocity. The increasing effect is low near the nozzle inlet and
it becomes gradually more significant in the diverging section
of the nozzle. Inside the nozzle, the particle temperature follows
the trend of gas phase temperature closely and the effect of F /O
ratio is different for lean and rich mixtures. Outside of the noz-
zle, the particle temperature increases with an increase of F /O
ratio for both lean and rich mixtures. The effects of F /O ratio
on the particle velocity are similar.

4.4. Effects of preheating of the reactants

The effect of preheating of reactants was investigated by
varying the reactant temperature from 293 K to 600 K, and the
results are plotted in Fig. 8. The preheating increases the gas
pressure at the nozzle inlet. Higher preheating also causes larger
pressure drop inside the nozzle, which results in lower pressure
and, consequently, larger pressure jump at the nozzle exit for the
higher preheating case. The preheating of reactants increases
the burning rate and, hence, the peak gas phase temperature in-
side the nozzle is increased, but it does not have any significant
effect on the temperature at the nozzle exit. The peak tempera-
ture location shifts towards the nozzle inlet when the reactants
are preheated from 293 K to 400 K. Further preheating does
not affect the peak temperature location. Outside of the nozzle,
the preheating results in larger fluctuations of temperature. Af-
ter temperature fluctuations cease to exist, the temperature is
(a)

(b)

(c)

Fig. 9. Effect of particle size: Variation of particle (a) temperature; (b) velocity;
and (c) trajectories.

higher for lower preheating case. This is due to availability of
relatively larger amount of unburned fuel, which burns with the
outside air.
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The gas phase velocity increases with an increase of pre-
heating throughout the nozzle length. The effect of preheating
becomes gradually stronger along the nozzle. The preheating
at higher temperature results in velocity fluctuations inside the
nozzle. Higher preheating level also results in larger velocity
jump at the nozzle exit. Outside of the nozzle exit, when the
fluctuations cease to exist, there is no clear trend of the effect
of preheating on velocity.

The preheating does not have any significant effect on the
particle temperature and velocity near the nozzle inlet. The ef-
fect becomes gradually more significant as the particle moves
along the nozzle length. Overall, the preheating of reactants in-
creases the particle temperature and velocity.

4.5. Effects of particle size

The particle properties in the thermal spray system depend
greatly on the gas phase properties and the particle size and dis-
tribution. Fig. 9 presents the results of particle size with four
different particle diameters: 15 µm, 25 µm, 35 µm, and 45 µm.
As expected, the decrease in the particle size results in higher
particle temperature and velocity, which is owing to decrease
in particle thermal and mass inertia. The influence of the par-
ticle size is greater for smaller sized particles. For example, a
change in the particle diameter from 25 µm to 15 µm causes
an increase in the particle temperature and velocity approxi-
mately by 20% and 30% respectively. The particle trajectories
show that smaller particles also move to a greater radial distance
from their injection locations. The particle is injected from a lo-
cation above the centerline. Immediately after the injection, the
particle moves towards the center due to gravity. However, the
supersonic flow inside the nozzle gradually pushes the parti-
cle away from the center. The movement of particle from its
injection location is decreased with an increase in the particle
diameter and the corresponding mass.

5. Conclusions

A numerical investigation was conducted to investigate the
influence of various operating parameters on the performance
of combustion assisted thermal spray systems. The gas phase
temperature, velocity and pressure were found to depend on a
series of parameters, including mass flow rate of the gas phase,
fuel/oxygen ratio, reactant preheating and cooling rate. The ac-
tual effects of these parameters are different in different parts of
the nozzle and the region outside of the nozzle. The local condi-
tions, such as whether the flow is subsonic or supersonic, react-
ing or non-reacting, availability of reactants, etc., are important
in the determination of these effects. The gas phase properties
have strong influence on the particle temperature and velocity.
However, the particle temperature and velocity profiles gener-
ally exhibit smoothly increasing trends along the length and do
not reflect the trend changes of gas phase properties. This is due
to a relatively large difference between particle and gas phase
temperature and velocity values. Hence, for example, a particle
does not start losing temperature when the gas phase tempera-
ture experiences a decrease since the reduced gas temperature
is still significantly higher than the particle temperature. As ex-
pected, the particle size also has significant influence on its
temperature and velocity.
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