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Computational Fluid Dynamics
Analysis of a Wire-Feed, High-Velocity
Oxygen Fuel (HVOF) Thermal Spray Torch*
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The fluid and particle dynamics of a high-velocity oxygen fuel (HVOF) thermal spray torch are analyzed
using computational and experimental techniques. Three-dimensional computational fluid dynamics
(CFD) results are presented for a curved aircap used for coating interior surfaces such as engine cylinder
bores. The device analyzed is similar to the Metco diamond jet rotating wire (DJRW) torch. The feed
gases are injected through an axisymmetric nozzle into the curved aircap. Premixed propylene and oxy-
gen are introduced from an annulus in the nozzle, while cooling air is injected between the nozzle and the
interior wall of the aircap. The combustion process is modeled using a single-step, finite-rate chemistry
model with a total of nine gas species which includes dissociation of combustion products. A continually
fed steel wire passes through the center of the nozzle, and melting occurs at a conical tip near the exit of
the aircap. Wire melting is simulated computationally by injecting liquid steel particles into the flow field
near the tip of the wire. Experimental particle velocity measurements during wire feed were also taken
using a laser two-focus (L.2F) velocimeter system. Flow fields inside and outside the aircap are presented,
and particle velocity predictions are compared with experimental measurements outside of the aircap.

Keywords CFD, experimental data, HVOF, thermal spray, two-phase
flow

1. Introduction

High-velocity oxygen fuel (HVOF) thermal spraying uses a
combustion process to heat the gas flow and coating material.
The two phase gas and particle flow is then accelerated to high
velocities outside of the torch. HVOF torches normally produce
temperatures around 3000 K; whereas, in plasma spraying, they
are typically around 10,000 K. A lower temperature range
causes the gas density in HVOF torches to be higher than in
plasma torches. The combination of high gas density and high
gas velocity tends to produce higher density coatings.

Because of recent advances in computational fluid dynamics
(CFD) methods and computer power, CFD codes can now be
used to simulate the HVOF spraying process. The first CFD
simulations of the HVOF process were conducted by Power
etal. (Ref 1, 2) and Smith et al. (Ref 3). They performed an axi-
symmetric analysis of the internal flow and external flow of the
Metco DIRW torch (Sulzer Metco, Westbury, NY) with a pow-
der feeder. For the internal flow, a two-step, finite-rate chemistry
model was used to model the combustion of propylene (C5Hg).
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For the external flow, the flow at the exit was assumed to have
reached chemical equilibrium so no chemical kinetics were
modeled. Inside the aircap, tracker particles of various sizes
were injected. These particles were affected by the local gas ve-
locity and temperature, but the gas stream was not affected.

Oberkampf and Talpallikar (Ref 4, 5) also analyzed the fluid
and particle dynamics of a similar axisymmetric geometry. The
HVOF process was modeled with full coupling between the in-
terior and exterior flow fields. A one-equation, approximate
equilibrium chemistry model was used to model the combustion
of propylene. An Eulerian-Lagrangian approach was used to
model the gas and solid phases, respectively. The gas and parti-
cles were fully coupled through momentum and energy ex-
changes.

Hassan et al. (Ref 6) analyzed the gas flow field of an axisym-
metric thermal spray device. The HVOF process was also mod-
eled with full coupling between the interior and exterior flow
fields. Both a 1 step and a 12 step quasi-global finite-rate chem-
istry model were used to model the combustion of propylene.
The CFD resuits compared well with experimental measure-
ments of pressure inside the HVOF aircap for supersonic flow,
but the pressure for subsonic flow was somewhat underpre-
dicted. It was found that the 1 step chemistry model compared
very well with the 12 step chemistry model, and it was shown to
be applicable for predicting thermal spray combustion chemis-
try (Ref 6).

Hassan, Lopez, and Oberkampf (Ref 7) performed the first
three-dimensional analysis of a thermal spray device. The gas
flow in the aircap and external to the aircap were simulated with
full coupling between the interior and exterior flow fields. An
approximate equilibrium chemistry model was used to model
the combustion process. Gas flow fields both inside and outside
the aircap were presented and discussed.
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The present work shows the first CFD calculations made on
a three-dimensional aircap with wire feed. The aircap geometry
is similar to the Metco DJRW torch. A solid model repre-
sentation of this aircap is shown in Fig. 1. This work describes
the general gas dynamic features of the complex, three-dimen-
sional flow field as well as the particle dynamic features of the
metal particles. An Eulerian-Lagrangian technique is used to
couple the fluid dynamics of the gas flow to that of the particles.
The gas temperature, Mach number distributions, and stream-
line patterns are predicted inside and outside the torch. Experi-
mental particle velocity measurements were also taken using an
L2F velocimeter system. Particle velocity measurements were
obtained in the plane of symmetry of the aircap and compared
with the CFD predictions.

2. Gas Dynamics Modeling

The numerical simulations are made using a commercial
CFD code, CFD-ACE (Ref 8, 9). CFD-ACE is a pressure-based
code that solves the three-dimensional, Favre-averaged Navier-
Stokes equations. These equations model the conservation of
mass, momentum, and energy for unsteady, compressible, tur-
bulent flows. The governing equations are solved sequentially
in an implicit, iterative manner using a finite volume formula-
tion. Various options for modeling turbulence, reaction chemis-
try, and multiphase flows are available in this code. In the
present calculations, the governing equations are solved until a
steady-state solution is reached. The governing equations in-
clude species transport equations, as there are multiple flow
mixtures that are modeled in the present calculation. The -€ tur-
bulence model of Launder and Spalding (Ref 10) is used along
with the compressibility correction of Sarkar (Ref 11). For fur-
ther details on the numerical algorithms, see Ref 8 and 9.

Aircap Exit

Diameter
8.81 mm
(0.347 in)

Fig. 1 Solid model of 3-D aircap
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3. Chemistry Modeling

The number of intermediate gas species and reactions used in
hydrocarbon-oxygen reaction models vary greatly, depending
on the model requirements. Given that computer time is greatly
increased with the solution of multiple-step chemistry models,
the present approach uses a single-step finite-rate chemistry
model to represent the hydrocarbon combustion process inside
the aircap. Hassan et al. (Ref 6) found that equilibrium chemistry
and its approximations produced numerical solutions whose en-
ergy release was dependent on spatial grid size. They deter-
mined that as the grid spacing in the chemical reaction cell was
reduced, the heat release was confined to a smaller region,
which resulted in a very high, unrealistic, inlet pressure. There-
fore, it was necessary to use a chemistry model that spreads out
the heat release over distance, just as it occurs physically. While
a 12 step chemistry model includes more intermediate reactions,
Hassan et al. (Ref 6) determined that a [ step chemistry model
adequately represented the combustion of propylene. In the pre-
sent analysis, a fully mixed fuel and oxygen stream was also as-
sumed in order to begin the simulation inside the aircap. The
validity of this assumption, however, is difficult to determine.

The 1 step reaction was derived from the one-dimensional
equilibrium chemistry code developed by Gordon and McBride
(Ref 12) and is of the form:

C3H6 + )cO2 — Products

where x is the number of moles of oxygen that react with one
mole of propylene. The products of combustion included CO,,
H,0, CO, Hy, OH, H, and O. Nitrogen (N,) was assumed inert at
the temperatures considered. Given a specified fuel-oxygen
mixture ratio, pressure, and temperature (those of the premixed
fuel and oxygen stream), the one-dimensional equilibrium
chemistry code (Ref 12) determined the equilibrium composi-
tion that is shown by the following balanced reaction:

CyHy +3.6646 O, — 1.0924 CO, + 1.9076 CO + 1.9432H,0
+0.82150H + 0.4329H, + 0.4263 H + 04721 O

The reaction rate, &y, used in this investigation is from the
work of Westbrook and Dryer (Ref 13) and is defined as follows:

k= AT exp(E /(RT)[C;H)[0, )

where T is the local gas temperature, £, is the activation energy,
and A, 1, R, g, and b are constants. The reaction constants given
by Westbrook and Dryer (Ref 13) were originally calibrated for
laminar diffusion flames at different flow conditions. Therefore,
some adjustments in these constants were necessary to model
turbulent flames. For example, the pre-exponential factor, A,
was adjusted in order to match the experimentally observed
flame length inside the thermal spray torch. The value of A and
all of the reaction constants used were the same as given by Has-
san et al. (Ref 6).

4. Liquid Particle Modeling

The liquid droplet equations are solved in a Lagrangian
frame of reference moving with the particles. The solutions to
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these equations are used to calculate the source/sink terms for
the corresponding gas phase equations, which are solved in an
Eulerian frame of reference. The dominant coupling between
the particle and gas phases is due to momentum transfer; energy
coupling is secondary. The equation of motion for the particle is
written as (Ref 14):

1 _ U I-V.
my— P =2 PACU-TUIU-UJ-VAp

where m;, is the mass of the particle and U, is the velocity vector
of the particle. Cy is the drag coefficient, and p, U, and p are the
density, velocity, and pressure of the gas, respectively. A is the
particle surface area and V) is the particle volume. The liquid
particles are assumed to be spherical during their entire trajec-
tory. The equation of motion for a particle accounts for the accel-
eration/deceleration of the particle due to the combined effects
of drag from the gas flow and local pressure gradients of the gas.
In addition, an energy equation coupling the particles and the
gas is solved but is not presented.

The drag coefficient for the particle is a function of the local
Reynolds number of the particle which is evaluated as:
PIU-Ugd,

n

Re =

where dj, is particle diameter and p is the molecular viscosity of
the local gas mixture. The following correlations have been
found to be valid for a wide range of Reynolds numbers (Ref
14):

24

C,=—

4= Re forRe < 1

cd=%‘:;(1 +0.15Re%67) for1 <Re< 10°

C,=044 for Re > 10°

These drag coefficient relations have been shown to be reli-
able for particle Mach numbers less than unity, relative to the lo-
cal gas speed of sound. The relative Mach number of the particle
is given by:

wu-u|

p ‘/’YRT

where yis the ratio of specific heats of the gas, R is the gas con-
stant, and T is the gas temperature. v, R, and T are all evaluated at
the particle location and are dependent on the local mixture of
gas species.

5. Aircap and Grid Generation
The geometry of the aircap is similar to a Metco DYRW torch.
Figure 2 shows a computational grid in the plane of symmetry of

the curved aircap. The interior of the aircap is composed of a
converging conical section and two cylindrical sections that are
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blended together by a portion of a sphere. The turn angle be-
tween the two cylinder centerlines is 60°. There are two sets of
inlet streams: the premixed fuel and oxygen stream, and the an-
nular air cooling stream along the surface of the aircap. In the
Metco hardware, the fuel-oxygen stream s fed into the aircap by
ten equally spaced holes around the nozzle just inside the cir-
cumferential lip of the nozzle. In the present analysis, the fuel-
oxygen inlet is modeled as an annulus that has the same total
area as the ten holes and is centered at the same radial location as
the holes in the nozzle. This assumption greatly simplifies the
numerical simulation by reducing the size of the aircap grid in
the circumferential direction. It should be noted that while the
geometry of the nozzle holes is no longer fully three-dimen-
sional (3-D), the remaining aircap geometry is 3-D and the flow
field that develops is 3-D.

Figure 2 also shows a steel wire positioned in the aircap. The
centerlines of the nozzle and the metal wire have been shifted
vertically upward by 0.406 mm (0.016 in.) from the centerline of
the conical portion of the aircap. This shift is necessary to pro-
vide more air cooling flow to the bottom portion of the aircap
where the highest heat transfer rates would occur without an off-
set. Both the premixed fuel-oxygen and the air cooling streams
are angled 5° to the centerline of the nozzle.

At the inlet face of the torch in Fig. 2, the inner radius of the
aircap is 5.59 mm (0.22 in.) and the outer radius of the nozzle is
4.13 mm (0.1625 in.). The outer radius of the fuel-oxygen annu-
lus is 3.10 mm (0.1222 in.) and the inner radius is 2.79 mm
(0.1098 in.). The radius of the metal wire is 1.59 mm (0.0625
in.), and the aircap exit diameter is 8.81 mm (0.347 in.).

GRIDGEN Version 10 (Ref 15) was used to generate the
computational grid used in the CFD calculations. The interior
grid shown in Fig. 2 was created in three blocks: the air inlet sec-
tion, the fuel-oxygen inlet section, and the remaining aircap sec-
tion up to the exit. Because of symmetry about the centerline
plane, only half of the aircap was simulated. Figure 2 shows the
radial grid clustering that was used to resolve the shear layers
surrounding the fuel-oxygen inlets, the edge of the flame, and
the boundary layers along the surface of the aircap and the wire.
In the axial direction, the grid points were clustered near the
fuel-oxygen inlet and then gradually stretched toward the exit of
the aircap. Axial clustering was necessary to numerically stabi-
lize the combustion process and accurately model the large en-
ergy release in the computational cells of the reaction zone. The

r Inlet Face
Air'

_'Aircap Exit

Fig.2 Interior aircap grid in plane of symmetry (every other grid line
shown)
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grid was also clustered on the leeside of the conical tip to capture
the wake flow off of the wire. The number of grid points in the
interior of the aircap are 26 (axial) by 41 (radial) by 20 (circum-
ferential) in the fuel-oxygen inlet section, 12 (axial) by 16 (ra-
dial) by 20 (circumferential) in the air inlet section, and 56
(axial) by 65 (radial) by 20 (circumferential) in the remaining
aircap section.

Figure 3 shows the exterior grid in the plane of symmetry
outside of the aircap. The upper and lower boundaries extend 13
aircap exit radii from the centerline and the outlet boundary ex-
tends 14 aircap exit radii from the aircap exit. For simplicity of
boundary conditions, a solid circular wall was assumed in the
exit plane of the aircap. Grid points were highly clustered in the
jetdecay region outside the torch as shown by the solid black re-
gion in Fig. 3. In addition, the exterior grid lines were tilted
downward from the geometric centerline of the aircap exit
plane, in order to better align the grid with the expected jet flow
direction. The number of grid points in the exterior of the aircap
are 71 (axial) by 86 (radial) by 20 (circumferential). The total
number of grid points (in the half-volume), interior and exterior
to the aircap was 220,080 for this 3-D calculation.

6. Boundary Conditions

Table 1 lists the mass flow rates and gas temperatures that
were specified at each inlet in the present simulation. All of the
interior walls of the aircap, nozzle, and wire surface are modeled
with a no-slip, fixed temperature condition. The wall tempera-
ture on all surfaces of the nozzle was specified to be 850 K based
on a conduction-convection analysis. The wall temperature of
the aircap was specified to be 305 K based on experimental
measurements. The turbulent length scales of the inlet streams
were based on the physical size of the inlets, and a 10% turbu-
lence intensity. To determine the actual turbulent values would
require modeling the flow in the fuel, oxygen, and air feeder
tubes. The turbulent values used in the simulation are given in
Table 2.

In the actual Metco device, wire is continually fed at a con-
stant rate such that the wire tip remains fixed relative to the air-

Upper ]
Boundary /~./

Outlet
Boundary

v Lower

Aircap ; /.ZJ' Boundary

Fig. 3 Exterior grid in plane of symmetry (every other grid line
shown)
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cap. This allows the wire to be modeled as a fixed no-slip wall.
A linear temperature distribution is specified along the wire that
varies from 330 K at the inlet to 1780 K at the shoulder of the
wire (i.e., at the beginning of the wire tip). Since the steel wire is
melting along the tip, a constant value of 1780 K was assumed
on the conical tip. The value at the inlet was chosen to be slightly
higher than ambient temperature due to heat conduction through
the nozzle. The value at the conical tip is the melting tempera-
ture of steel.

The HVOF torch is assumed to exhaust into ambient air at a
temperature of 303 K and a pressure of 83427 Pa, atmospheric
pressure for Albuquerque, New Mexico, where the experimen-
tal data were taken. In the exterior grid, the boundary surround-
ing the aircap exit is specified to be a fixed temperature, no-slip
wall. The upper and lower outer boundary is specified to be a
fixed pressure inlet/outlet and the outlet boundary is specified to
be a zero-pressure gradient outlet. In the plane of symmetry, a
symmetry condition is specified for both the interior and exte-
rior domains.

In the Metco device, a liquid layer of steel forms along the
conical tip as the wire melts. The droplets are then stripped off
the actual tip of the wire by the surface shear stress of the gas act-
ing on the liquid layer. In the present simulation, the stripping of
the liquid droplets from the wire tip is modeled as ten steel parti-
cles continually injected along the leeside of the conical tip near
the plane of symmetry. The small number of computational par-
ticles, as compared to the number of physical particles, is not
critically important for adequate simulations. The important pa-
rameter to match in the simulation is the mass flow rate of the
particles. The particle size is 30 pm, the temperature is 1900 K,
and the velocity is zero for initial conditions at each injection
point. The particle size was based on phase Doppler particle ana-
lyzer (PDPA) measurements in previous experiments which
produced a number geometric mean diameter of approximately
30 wm. Note that this experimental measurement was outside the
aircap, after droplet break-up was complete. The initial particle
temperature was chosen to be 120° higher than the melt tem-
perature because it is assumed that some particle superheating
occurs in flight; however, the numerical results were not sensi-
tive to particle temperature. The mass loading is based on a 40
in./min wire feed rate which results in a 1.054 x 107 kg/s mass
flow rate of the particles. Given the mass flow rate and the size
of the steel particles, the number of particles per second in the

Table 1 Mass flow rates and inlet temperatures

Mass flow rates Temperature,
Gas SCFH kgfs K
Propylene 100.0 1350 x 107 450.0
Oxygen 450.0 4.630x 107 450.0
Air 1100.0 1.024 x 1072 330.0

Table2 Turbulent kinetic energy and dissipation

Turbulent kinetic Dissipation rate,
Inlet energy, k = m?/s? € =m?s?
Fuel/oxygen 2600 9.840 x 10°
Air 120 2.920 x 10°
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problem is close to 1 billion. In order to keep the simulation to a
reasonable size, 10 particles were arbitrarily chosen to represent
all the particles in the flow such that one computational particle
simulates approximately half a million physical particles. The
mass flow rate of each computational particle, rhp, is determined
from the total mass flow rate, mr, as follows:

. 1. 10
m, = (2mT 180j/10

Since only half of the aircap is simulated due to geometric
symmetry, the total mass flow rate is divided by two to obtain the
correct mass flow rate for this simulation. In addition, the effec-
tive cross-sectional area through which the particles flow is re-
duced from a 180° section to a 10° section because the particles
are injected along a line that is parallel to the conical tip of the
wire. Finally, the mass flow rate is divided by ten in order to de-
termine the mass flow rate of each computational particle.

7. Computational Requirements

The computational simulations were run until all residuals
dropped 4 to 5 orders of magnitude over the computational do-
main. Typically, 3000 iterations are required to obtain 4 to 5 or-
ders of magnitude reduction in the residuals. These simulations
involved multiple restarts to improve input parameters and grid
quality. The solution required 3.0 ms/cell/iteration of CPU time
and 250 MB of RAM on a SPARCstation 10 Model HS 125 work
station (Sun Microsystems, Palo Alto, CA). These 3000 itera-
tions required a total CPU time of 500 h (~3 weeks). However,
the computational times can vary greatly depending on the opti-
mization parameters chosen for solution convergence.

8. Experimental Measurements

The experimental data were taken in the Thermal Spray Re-
search Laboratory at Sandia National Laboratories. Gas flows to
the Metco DJRW torch were set using a Metco ATC controller
(Sulzer Metco, Wesbury, NY). The ATC uses Hasting-Teledyne
200 Series mass-flow controllers (Teledyne Hasting-Raydist,
Hampton, VA) to meter the gas flow rates. The gas flows used in
this experiment are given in Table 1. The wire feed rate was ap-
proximately 21 mm/s (50 in./min).

Particle velocity distributions were measured in the HVOF
jet using a laser two-focus (L2F) velocimeter. A detailed de-
scription of this device has been published previously (Ref 16).
The 30 pum particle size used in the simulations was based on
PDPA measurements made using similar, but notidentical, torch
geometries and gas flow rates. However, it has been shown that
particle size distributions are relatively insensitive to these proc-
ess variations (Ref 17). In the simulations presented in this pa-
per, discrete particles of a fixed size are released at various
locations in the vicinity of the wire tip. In reality, the wire melt-
ing and droplet atomization process produces a particle stream
that has size and velocity distributions that vary as a function of
position in the jet (Ref 17). A 30 um size was selected because it
is the number geometric mean size of particle size distributions
measured several centimeters downstream of the wire tip when
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atomization is complete. That is, it is the most frequently pro-
duced particle size in the plume.

Particle velocity distributions were measured using the L2F
velocimeter at each peint in the plume. The velocity distribu-
tions had a slowly falling high velocity tail associated with
finely atomized particles (Ref 17). A single particle velocity
needed to be extracted from each velocity distribution for com-
parison with calculated values. PDPA measurements of particle
size-velocity correlations revealed that, for at least the first 5 cm
downstream of the wire tip, particle size is essentially inde-
pendent of particle velocity (Ref 17). For this reason, the mode
of the particle velocity distribution (i.e., the most frequently re-
corded velocity) rather than the mean of the distribution was
used. Because of the high velocity tail, the velocity mode was
typically about 5% slower than the velocity mean at any given
point in the plume.

Experimental measurements of particle velocity were made
along a two-dimensional (2-D) grid oriented at a 45° angle with
respect to the wire axis. The origin of the grid was at the center
of the exit hole in the curved aircap. Measurements were made
axially along the jetin I cmincrements outto 10 cm, and radially
in 0.2 cm increments over the range +0.4 cm. The center of the
particle jet followed a trajectory tilted at ~6° with respect to the
grid’s axial direction. Consequently, some measurements of the
densest part of the particle plume at axial distances greater than
~4 cm were not made. Overall, the experimental system demon-
strated that the data were reproducible for a variety of conditions
such that the uncertainty of the particle velocity data is roughly
=5 m/s.

9. Results

9.1 Internal Flow Field

The computed gas temperature contours in the plane of sym-
metry of the aircap are shown in Fig. 4. The inflow of the pre-
mixed fuel-oxygen stream can be seen as the low temperature
(dark blue) regions above and below the wire. Combustion oc-
curs primarily on the inner and outer mixing layers of the annu-
lar injection of the premixed fuel and oxygen. The flame is
approximately 7 mm long, and the peak temperature in the flow
field is 3330 K. Along the top and bottom surface of the aircap,
an annular jet of air is injected between the nozzle and the aircap.
The air layer on the bottom of the aircap is thicker due to the ver-
tical shift between the nozzle and the aircap. This shift is neces-
sary to keep the bottom curved portion of the aircap from
melting. Simulating the gas flow through the aircap with wire
feed also produces a wake region above the leeside of the wire
tip. In the wake region, the temperature of the gas is reduced ap-
proximately 500 K from the surrounding combustion gas tem-
peratures.

Figure 5 shows the streamline pattern in the plane of symme-
try of the aircap. Near the inlet, a large recirculation flow region
can be seen between the wire and the fuel-oxygen jet and a small
region can also be seen between the jet and the nozzle. High tem-
perature combustion products become trapped in the vortical
flow which continually ignites the incoming fuel-oxygen
stream. A small recirculation region is also seen in the base flow
region of the nozzle lip, between the fuel-oxygen inlet and the
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air inlet. On the upper surface of the aircap, near the exit, the
boundary layer separates from the wall as the flow tries to turn
the sharp corner. The streamline pattern shows that flow from
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Fig.4 Plane of symmetry gas temperature contours inside aircap
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the ambient exterior region is sucked into the aircap in the sepa-
rated region. Finally, Fig. 5 shows that along the cylindrical por-
tion of the wire the flow is essentially axial. However, along the
conical tip, crossflow over the tip occurs due to the aircap turn-
ing the stream. Sufficient crossflow is generated so that a small
separated flow region is formed on the leeside of the wire.

Fig. 5 Plane of symmetry and wire surface streamline pattern inside
aircap

Fig. 7 Gas Mach number contours in the plane of symmetry of the
aircap and exterior
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Fig.9 Gas temperature contours in the plane of symmetry of the
aircap and exterior
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Figure 6 shows gas Mach number contours in the circular exit
plane of the aircap (i.e., normal to the view in Fig 4 and 5). At the
top of the aircap exit, there is a subsonic flow region where the
ambient air is flowing into the aircap. Between this separated
flow region and the middle of the aircap exit, the flow is super-
sonic. In the lower half of the aircap exit, which is mostly sub-
sonic, there is a spoon-shaped region of lower-speed flow thatis
caused by the wake flow off of the wire. This figure clearly
shows the complex 3-D flow exiting this type of thermal spray
torch. There is a range in Mach numbers from low subsonic,
where there is reversed flow into the torch, to a peak Mach num-
berof 1.75. :

9.2 External Flow Field

Gas Mach number contours in the plane of symmetry are
shown in Fig. 7. The peak Mach number in the supersonic jet oc-
curs within one exit diameter from the aircap and has a value of
2.5. The peak Mach number occurs exterior to the torch because
the aircap operates as an underexpanded nozzle (i.e., the flow
expands to match the ambient pressure outside of the aircap).
The Mach number is the ratio of the local gas speed to the local
speed of sound. Because of the high gas temperatures in the jet, the
local speed of sound is about 1200 my/s at the peak Mach number.

Atthe exitof the aircap, the flow expands to ambient pressure
through a series of expansion and compression waves known as
shock diamonds. The first series of waves exterior to the aircap
are expansion waves. These waves reflect from the free jet
boundaries as compression waves, resulting in the first shock
diamond about 1.5 exit diameters from the exit. Only one dis-
tinct shock diamond can be seenin the flow field, the dark region
of lower Mach number. Increased grid resolution in this region
would pick up other diamonds, as was visually observed in the
thermal spray flame. The strength of the expansion and com-
pression waves decreases as the flow convects downstream and
the supersonic core flow is dissipated as it mixes with the ambi-
ent air. The supersonic region, however, extends to the end of the
calculation domain.

Streamline patterns overlaid on pressure contours in the
plane of symmetry are shown in Fig. 8. The streamline pattern
clearly shows the jet flow from the aircap exit to the end of the
computational domain. It can be seen that the jet is not aligned
normal to the exit plane of the aircap. The jet has been directed
downward by the separated shear layer that exists on the upper
portion of the aircap near the exit. The predicted spray angle of
the torch is approximately 50°; whereas, the geometric turn an-
gle of the aircap is 60°. This is an important difference, for ex-
ample, in designing a curved aircap for a certain spray angle
impinging on an engine cylinder bore. The streamlines also
show the entrainment, or pumping, of ambient air from the upper
and lower boundaries into the high-speed jet. The peak velocity
in the jet is about 2250 m/s and decreases to a value of 1150 m/s
at the exit of the computational domain.

Figure 9 shows the gas temperature contours in the plane of
symmetry. It can be seen that the gas temperature of the jet de-
creases as the flow travels downstream due to the turbulent en-
trainment of the ambient air. At the aircap exit, the peak gas
temperature is approximately 3000 K. Then, the temperature
drops in the first expansion wave to about 2000 K. Next, the tem-
perature rises in the first shock diamond to about 2250 K. Fi-
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nally, the temperature decreases to about 1000 K at the exit of
the computational domain. These high temperature jets of
HVOF torches decay rapidly compared to cold gas jets due to
their low density and the rapid entrainment of ambient air. Refer
to Ref 18 for additional information.

9.3 Particle Characteristics

Ten computational particles were injected into the gas flow
field. Each of these computational particles represents a large
number of actual steel particles in the stream, all with a diameter
of 30 pm. The computational particles are evenly spaced along
the leeside of the conical tip near the plane of symmetry. The in-
jection points, which are on a line parallel to the conical tip, are
displaced slightly in a direction normal to the surface to avoid
being trapped in the separated flow region shown by the stream-
line pattern in Fig. 5.

Figure 10 shows the predicted trajectories of the steel parti-
cles with respect to a coordinate system aligned with the axis of
the nozzle. That s, the x coordinate is aligned with the centerline
of the wire and y is normal to the wire, as shown in Fig. 2. The
centerline normal to the exit plane of the aircap, shown as a solid
line in Fig. 10, starts at the aircap exit (x = 15.870 mm, y = 2.269
mm) and extends to the edge of the computational domain. Par-
ticle No. 1 was injected near the tip of the wire, and particle No.
10 was injected near the cylindrical portion of the wire, with the
other eight particles in between. As shown in Fig. 10, particles
No. 1 to 5 remained closest to the exit centerline, while particles
No. 7 to 10 fanned out away from the centerline. Particles No. 1
to 5 were injected near the separated flow region, where the gas
had dominant crossflow over the tip, and were immediately
swept up by the gas flow toward the exit-plane centerline.
Whereas, particles No. 7 to 10 were injected into a higher mo-
mentum gas flow primarily aligned with the wire which carried
them over the separated flow region and farther away from the
exit centerline. Note that all particles were predicted to spray at
angles less than the turn angle of the curved aircap. The trajec-
tory for particle No. 6 was almost identical to the trajectory of
particle No. 5 and was not included in Fig. 10.

Figure 11 shows the variations of the particle velocities with
axial position. The position of the aircap exit is shown as a solid
line in this figure. Ahead of the aircap exit, all particle velocities
are inside the aircap. The particle velocities increase rapidly as
the gas expands outside of the aircap. After a short distance,
some of the velocities start to level off (e.g., particle No. 10). The
reason for this is that their trajectory has taken them outside the
high-velocity spray jet into ambient air, At the end of the compu-
tational domain, particle No. 2 has the largest velocity with a
value of 310 my/s.

Figure 12 shows a contour plot of the velocity for all ten par-
ticles outside of the aircap. The boundaries of the contour plot
are based on the position of the particle trajectories from the in-
jection point to the edge of the computational domain. The
maximum velocity region is located in the upper portion of the
contour plot, near the edge of the computational region. The line
of peak particle velocities, at a given axial distance from the air-
cap exit, is seen at an angle of 10° from the geometric centerline
of the aircap exit plane. The reason for this offset is that the peak
jet velocities are offset from the geometric centerline. The particle
velocities outside of the aircap range between 100 to 310 m/s.
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Fig. 12 Particle velocity contours of numerical predictions

Figure 13 shows a contour plot of the experimentally meas-
ured velocities. The 2-D grid overlaid on the velocity contours
shows the locations at which the particle velocities were meas-
ured. The rectangular measurement region was intended to
cover the region of maximum particle velocities, but it did not
quite capture the peak velocities. This is why the peak velocities
are missing from the upper edge of the plot. This figure also
shows zero velocity regions near the aircap exit and along the
lower edge of the experimental domain. Zero velocity measure-
ments were the result of having too few particles in these regions
to sample, not that the particle velocity is zero.

Figure 14 shows particle velocity curves of both the numeri-
cal predictions and the experimental measurements. The experi-
mental data curves are the velocity values along grid lines in the
direction of flow. Only nonzero experimental data curves, start-
ing from the upper streamwise edge of Fig. 13, are shown in this
figure. A sampling of the predicted velocity curves, including
the maximum and minimum curves, are shown. It can be seen
from this figure that the numerical results bound the experi-
mental data and display the same trends with x. Note that the
numerical results are for individual particles that are tracked
throughout the entire domain; whereas, in the experiment, ve-
locities of many different particles are measured at each ex-
perimental grid point, and the most frequently recorded value
of velocity is computed. In other words, the band of velocities
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Fig. 14 Particle velocities of both numerical predictions and
experimental data

predicted in Fig. 14 is due to various paths, or trajectories, that
the particles take. The path that a computational particle follows
depends on the initial injection position. In the simulation, the
particle injection positions were chosen to ensure that the parti-
cle trajectories spanned the region where velocity measure-
ments were taken. Therefore, some of the computational
particles did not necessarily simulate the initial position of the
real metal droplets.
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Table3 Measured and predicted particle velocities

Measured V, Predicted V, Percent
X, mm y, mm m/s m/s error
25 93 143.1 1473 29
30.0 16.4 198.9 1926 3.2
371 23.5 208.0 218.1 4.9

Table 3 shows a direct comparison of the numerically pre-
dicted and experimentally measured particle velocities at three
coincident locations. The three locations chosen are along the
data No. 3 grid line which is in the middle of the experimental
data. The predictions compare very well with the measured par-
ticle velocities up to about 40 mm from the inlet face. Overall,
the percent error between the predictions and the measurements
is less than 5%.

10. Summary and Conclusions

Numerical and experimental results were presented for an
HVOF spray device similar to a Metco DJRW torch. Computa-
tional results were presented for the internal combusting flow,
the external jet decay, and the wire droplet flow field. Gas tem-
perature, Mach number distributions, streamline patterns, and
particle trajectories and velocities were discussed to illustrate
features of the complex 3-D flow. The peak temperature in the
combustor was 3330 K, and the peak Mach number in the jet was
2.5. L2F measurements were made to determine the wire
sprayed particle velocities in the external plume. Very good
agreement was obtained between the computational particles
and the particle velocity measurements. Note that a 2-D axisym-
metric simulation, while computationally faster, would not pre-
dict the offset of the particles and the flow field nor would it
capture the 3-D features of the flow at the aircap exit and in the
jet decay region outside of the aircap.

Future work should include additional validation of the nu-
merical simulations. Experimental measurements of gas veloc-
ity, possibly using the L2F technique and submicron particle
injection, and gas temperature should be made. Additional vali-
dation of several CFD predicted parameters will build confi-
dence in these types of simulations. Although 3-D CFD
simulations are complex and very computer intensive, they pro-
vide an unparalleled level of physical information concerning
these devices. With this level of analysis, these numerical tools
can be used to significantly improve and optimize HVOF spray
torch designs.
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