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Abstract 

The gas dynamics of a High-Velocity Oxygen-Fuel 
(HVOF) torch are analyzed using computational fluid 
dynamics (CFD) techniques. The thermal spray device 
analyzed is similar to a Metco Diamond Jet torch with 
powder feed. The injection nozzle is assumed to be axi- 
symmetric with premixed fuel and oxygen fed from an 
annulus, and air cooling injected along the interior sur- 
face of the aircap. The aircap. a conically converging 
nozzle, achieves choked flow conditions at the exit and 
a supersonic. underexpanded jet develops externally. 
Finite difference equations for mass, momentum, and 
energy conservation are solved for the gas dynamics. 
The combustion process is modeled Using a single-step 
and a 12-step &-global finite-rate chemistry model 
with dissociation of the gas and a total of nine species. 
Turbulent flow inside the aircap and in the freejet de- 
cay is modeled using a twoequation k-s turbulence 
modeL An iterative, impkit, finite volume numerical 
method is used to solve the gas dynamic equations in- 
side and outside the torch. The CFd' lesults are com- 
pared with recent experimental measurements of 
pressure inside the HVOF aircap. Comparisons are 
made for two flow rates of premixed fuel and oxygen 
and air cooling. This paper presents the first published 
comparisons of CFD predictions and experjmental mea- 
surements for WOF thermal spraying. 

HIGH-VELOQTY OXYGEN-FUEL (HVOF) TEER- 
MAT, SPRAMNG employs a combustion process to 
heat the gas ffow and coating material. The two-phase 
gas and particle flow is then accelerated to high veloci- 
ties, The combustion process produces temperam in 
the range of 3000 K inside the thermal spay device 
which typically result in supersonic streams exterior to 
the device. In contrast, plasma spray devices typically 

* This work was performed at Sandia National Laboratories, 
which is operated by Lockheed Martin for the U. S. Depart- 
ment of Energy under Contract DE-ACO4-94AL85000. 
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attaiu tempera- in the range of 1O.OOO K, where sig- 
nificant ionization of the carrier gas can OCCUT. These 
high temperatures typically produce lower density, sub- 
sonic flows, and lower velocities as compared to HVOF. 

Advances in computational fluid dynamics (CFD) 
have made their way into thermal spray modeling. Mod- 
ern CFD incorporates detailed modeling of such physi- 
cal phenomena as turbulence, chemical reactions, 
convective heat transfer, and multi-phase flows so as to 
provide an in-depth unde.rstandiq of the spray process. 
Only with this in-depth understanding of the complex 
processes * 0 in thermal spraykg can optimiza- 
tion of the torch designs occur. 

CFD simulations have been done on axisymmetric, 
two-dimensional themal spray devices. both with and 
without powder injection. The first CFD simulation of 
the HVOF process was conducted by Power et..al.13 
and Smith et. at3 They modeled the internal and exter- 
nal flow of the Metco Diamond Jet torch with a powder 
feeder. Since the flow was choked at the exit of the noz- 
zle, the internal flow was solved separately from the ex- 
temal flow. A twmstep, finite-rate chemistry model was 
used to model the combustion of propylene (C3H6). For 
the extemal flow, it was assumed that all the propylene 
is combusted inside the nozzle and that the oxidation of 
carbon monoxide is smaU They assumed that the flow 
at the exit of the nozzle was fully mixed and had 

netics and only mixing with the ambient air was mod- 
eled. Particles of various sizes were i n ,  inside the 
aircap and tracked subject to the local gas velocity and 
temperature. However, the effects of the particles on the 
gas stream were not modeled. 

Oberhpf  and TalpallikaP3 also analyzed the fluid 
and particle dynamics of a similar axisymmetAc geome- 
try. The combustion of propylene was modeled by a 
one-equation, approximate equilibrium chemistry model 
that accounts for dissociation of the combustion prod- 
ucts. Thek work considered full coupling between the 
interior and extexior flow fields. In addition, the numeri- 

reached ch l i ca l  equ i l ib r i~  Therefore, the external 
flow computations were performed without chemical ki- 
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tal algorithm used an EuleriadLagrangian approach for 

pled through momentum and energy exchanges that ap- 
pear as source terms in the governing equations. Theii 
approach allowed for particle temperatures and veloci- 
ties that were different from that of the local gas flow. 
Finally, they investigated such characteristics as particle 
trajectories and melting of the injected powder. 

The present work analyzes the gas dynamics inside a 
thermal spray torch using 0 techniques. Axisymmet- 
ric gas flow, .without powder injection, is assumed and 
numerical predictions are compared to experimental 
pressure xi~asurements in the torch. The results will be 
presented at two different flow conditions, one where 
the flow is choked at the exit and one where the flow is 
subsonic. Comparisons are made using single-step and 
multi-step finite-rate chemistry models to assess the ap- 
plicability of single-step kinetic models for thermal 
spray flows. Finally, features of both the interior and ex- 
terior flow fields are pmented and discussed. 

Gas Dynamics Modeling 
The merical simulations are made using a c<Hnmer- 

cial CFD code, CFD-ACEL6*7 CFD-ACE is a pressure- 
based code that solves two-dimensional and three-di- 
mensional, Favre-averaged conservation of mass. mo- 
mentum, and energy equations for unsteady, 
compressible, turbuIent flows. The governing equations 
are solved sequentially in an implicit, iterative manner 
using a finite volume formulation. The code includes 
various options for modeling turbulence, reaction chem- 
istry. and multi-phase flows. For the present calcula- 
tions, the twodhensionavaxisymmetric governing 
equations are solved with a third-oder spatial discreti- 
zation developed by Osher and Chakravarthy for the 
convective terms, and a second-order. central difference 
scheme for the diffusive terms until a steady-state result 
is achieved. In addition the k-E turbulence model of 
Launder and Spdding'is used, dong with the com- 
pressibility ccmection of-Sarkar.%Foi\further details on 
the numerical algorithm, see Wsii6-7. 

Combustion Chemistry Modeling 
Modeling of hydrocarbon chemistry can take many 

forms of varying complexity. The number of intermedi- 
ate species and reactions that can occur in hydrocarbon- 
oxygen reaction models is typically large. Assuming 
that the time scales associated with the chemistry axe 
much shorter than that at which the fluid umvects. equi- 

r;karPs however, reported that the typical Gibbs free 
energy minimixation technique for computing full equi- 
librium chemistry can be wmpuhtionally intensive and 
produce numerical instabilities near the inlet of the pre- 
mixed stream. Their approach macle use of an approxi- 
mate, i n s t a n ~ u s  equilibrium technique. They used a 
one-step reaction that was derived from the One-Dimen- 
sional Equilibrium Chemistry code developed by Gor- 
don and Md31-ide'~ and is of the form: 

the gas and Solid phases. The two phases ate fully COU- 

librium chemistry is valid. Oberkampf and Tal@ 

where x is the number of moles of oxygen that react 
with one mole of propylene. The products of combus- 
tion in their analysis included C02, H20, CO, H2, OH, 
H,  and, 0. Argon (Ar), the carrier gas, -ad nitmgen (A$) 
were assumed inert at the temperatures cansidered. In- 
putting a specified fueVoxygen mixture ratio, pressure. 
and temperature (those of the premixed fuel and oxygen 
stream). the One-Dimensional Epdibrium Chemistry 
code" determines the equilibrium composition and 
from this the following balanced reaction can be de- 
jined: 

C3H6 i- 3.6646 0 2  + 1.0924 e02 4- 1.9076 co 
i- 1.9432 HZO i- 0.8215 OH 

+ 0.4329 H2 + 0.4263 H i- 0.4721 0 

The above reaction will go to completion at every 
point in the flow field, regardless of the local tempera- 
ture and presme. However, a major Iixnitafion of the 
model is that all the energy from combustion is released 
in the first computational cell m which the premixed 
fuel and oxygen en& the aircap. In reality, the heat re- 
lease would be spread over some volume in the flame. 

sults in a spatial energy release dependent on grid size. 
As thegrid spacing in the first inlet cell is reduced, the 
heat release is then umfined to a d e r  region and re- 

nomenon causes low pressures to OCCUT on the aircap 
d a c e  since the total momentum change. or the net 
thrust, of the aircap must be constant for the given mass 
flow and heat addition. Unless the heat release can be 
spread out over some distance. the hstanbnernln chem- 
istry approach is not recommended far these types of 
combustion flows since grid independent solutions are 
M t attainable. 
The present approach makes use of finite-rate chem- 

istry calculationsinalertomorerealisticallymodelthe 
heat dease m the flame. The single-step chemistry 
model assumes the same reaction as in the instantaneous 
case Oberkampf and Tdpallikarps but will have an as- 
sociated d c m  rate, $ from the wok of Westbrook 
and Dryer' ': 

$= @exP(EdRT) 1c3Hda10db 
where Tis the local gas tempera-, E, is the activation 
energy, and A, q, R, a, and, b are constants. The values 
for the above reaction constants were taken initially 
from Westbrook and Dryer." Since the constants were 
originally calibrated for laminar W i o n  flames at dif- 
femt  flow umditions, adjustments in some of these 
constants were necessary. In particular, the pre-expo- 
nential factor, A, was adjusted in order to match experi- 
mentally observed flame length of the thermal spray 

Assuming N b h m  or in Stan^ chemistry re- 

sults in very high, unrealistic. inlet pressures. This phe- 
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torch. The concentration exponents. a and b, were also 
adjusted. Origiually, the fuel exponent, a, was -0.1. 
However, the negative exponent wil l  cause numerical 
instabilities as the fuel disappears. Westbrook12 sug- 
gested making the exponent 0.1 and adjusting the oxy- 
gen exponent such that the product of a and b remain 
constant. Also, in the Westbrook and Dryer study, de- 
pendence op1 the fl tern was not included. The coeffi- 
cients used in the present study are given in Table 1. 

Table 1. Reaction Rate Constants 

Reaction A q 'EJR a b 

Single 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

3.0 x 10" 

2.0 x 10'0 

22 x 10" 
8.0 x 10'6 

2 2  1013 

5.9 x 14 

2 2  x 10" 

1.8 10' 

6.8 x 10" 

2 2  x 1o'O 

15x104 

5.1 x 10l2 

3.1 x 10s 

0 

0 

0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

15 104.64 

15104.64 

57910.10 

48342.34 
52219.8 

52874.44 

2064.62 

8459.91 

4481.73 

9265.61 

2568.18 

402.85 

18934.08 

0.1 

0.1 

0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

1.65 

1.65 

0 

0 
0 

0 

0 

0 

0 

0 

0 

0 

0 

In order to assess the accuracy of the single-step 
model, solutions were~also.tcomputed with a 12-step 
quasi-global model also:dueto the work of Westbrook 
and  he model assumes the same species as 
previously mentioned but also includes mechaDlsms for 
intermediate dissociation and exchange ~actions: 

0, + M t , 2 0  + M (2) 

H 2 + M t , 2 H + M  (3) 
OH,+ M t ,  0 i H + M (4) 

H 2 O i - M  t , O H + H + M  (5) 

C O + O + M t , C 0 2 + M  (6) 

(3 
(8) 

0 2  + H w OH + 0 

H2 + 0 f) OH + H 

HZO + 0 H OH + OH (9) 

Hz + OHt ,H,O + H (IO) 

OH + CO C02 + H (11) 

0 2  + eo f) CO, + 0 * (12) 

The rate coefficients for the above reactions are also 
given in Table 1. In the first reaction of the 12-step mod- 
el, the rate coefficients were also adjusted in the same 
manner as with the single-step model. 

Aircap Geometry and Grid Generation 
The geometry studied is similar to a Metco Diamond 

Jet Torch, but the configuration is assumed to be axi- 
symmetric. A schematic of the aircap is shown in Fig. l. 
The aircap is a converging nmle with a half angle of 
4.91 degrees and an exit radius of 4.407 m a  (0.1735 in). 
In the Metco hardware, there are three sets of inlet 
streams: the argon and particle centex stream, the pre- 
mixed fuel and oxygen stream. and the air cooling 
stream along the surface of the aircap. The fueVoxygen 
stream is fed by ten equally spaced circular holes around 
the ckumference of the nozzle. For cumputational pur- 
poses, the fuel./oxygen inlet is simplified as an annulus 
that has the same total area as the ten holes and is cen- 
tered at the same radial location as the holes in the noz- 
zle. Remaining model dimensions are given in fig. 1. 

a) Interior of Aircap 
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Figure 2. Interior and exterior aircap grid fa the HVOF Thermal Spray Torch (every other grid line removed). 

The computational grid was created using 
GRDGEN13 Version 10 and is shown in Fig. 2. (The 
solid black region of the grid is due to the very dense 
grid clustering of the grid cells.) The grid was created in 
four blocks. The interior of the aircap is corn@ of 
the d o n  below the nozzle lip. the air inlet.between the 
nozzle and aircap, and the main aircap section. The fiual 
block ccmtains the exterior where the supersoniC jet de- 
cay occu~s. The top boundary of the exterior region ex- 
tends 13 aircap exit radii from the centerline and the 
right exit boundary extends 25 aircap exit radii from the 
aircap exit. The computational domain in the aircap be- 
gins at the inlet where the fuel/oxygen and air streams 
enter the aircap. 

\ 
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Egure3. InterioraircapgridfcrtheHVOFThermal 

Spray Torch (every other grid line removed). 
The grid in the interior ofthe aircap is shown inFig. 

3. Radial grid clustering was performed in the regions of 
the shear layers surrounding the fuel/oxygen inlets and 
in the boundary layer on the surface of the aircap. In ad- 

dition, it was necessary to carefully cluster grid points 
axially in order to properly capture the flame shape. Fi- 
nally. grid cells were clustered in the jet decay region 

ial) x 70 (radial) in the nozzle; 28 (axial) x 20 (radial) in 
the air inlet; 80 (axial) x 100 (radial) in the main aircap; 
and 50 (axial) x 130 (radial) in the exterior region. The 
total number of grid cells in the two-dimensional calcu- 
lation dcmain was 17.160. 

Boundary Conditions 

0~tSide the torch. The grid cell were 30 (ax- 

The h d a r y  canditiom fa this case are shown in 
Fg. 1. Mass flow rates and gas t e m m t ~ ~ ~  are s@- 
fied at all inlets and are listed inTable 2. For the present 
simulation,noargonapowderwasinjectedthroughthe 
stream on the torch centerline. The argon inlet was 
blocked and modeled computatiodly by a no-slip, adi- 
abatic wall. All other walls are modeled with a no-slip. 
fixed temperabm candition. The wall temperature on 
the nozzle, i.e., between the inlet streams was specified 
as 850 K, based on an estimate made by Dylch~i2en.l~ 

305 K, which was experimentally measured. 
The HVOF torch was assumed to exhaust into ambi- 

ent air at a mperature of303 K and a pressure of 
83,427 Pa (atmospheric pressure in Albuquerque, New 
Merdco). In the exterior block, the radial boundary sur- 
rounding the aircap exit is a fixed temperature, no-slip 
wall, Theupper exterior boundary is a fixed pressure in- 
let/det, and the outlet boundary makes use of an ex- 
trapolationboundary condition. 

The specifiedwall temperature d the  aircap Surface was 
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Table 2. Mass Flow Rates and Inlet Temperatures 
0 

Gas Mass How Rates Temp. 

Side View '!e--Lp* 
Fm 4. Location ofpressure ports on experimental 

aircap. 

Experimental Measurements 
The experimental data were taken in the Thermal 

Spray Research Laboratory at Sandia National Labora- 
tories. The aircap was instrumented with four pressure 
taps. The pressure taps were located axially at the face 
ofthe no& lip andnear the exit ofthe aircap, 180 de- 
grees apart. Figure 4 shows a schematic of the instru- 
mented aircap and the locations of the pressure ports. 
'Ihe orifice diameter of each port was 0.405 mm (0.016 
in.).The pressure measurements were made with the air- 
cap rotated in five degree incremea around the center- 
line to quantitatively estimate any circumferential 
asymmetry. The standard deviation m the measured 
pressures was 1.38 P a .  or less than 0x16 percent. For 
these cases, the argon an&paItickiI.llq$ was closed. 
The experimentally measured flow rates are given in 

Table 2. The flow rates were measured by two means to 
ensure accuracy: pressure and temperature compensated 
turbine flow meters and calibrated critical orii-ks. Cor- 
rections were made to accmut for the non-ideal nature 
of the gases during the calibration. A careful inspection 
ofthe aircap was madebothbefore and after the experi- 
ments to ensure tbat the same geametry was modeled in 
the computations. In order to quantitatively estimate re- 
peatab&@ of the data, the supersonic case was r ep ted  
after the hardware had been taken apart, reinstalled. and 
repammi by a ~~t person on a different day. No 
signihcantdif€erencewasseeninthemeasuredresults. 
The data presented is an average of the pressure mea- 
sured at each circumferential statim The authors con- 
sider the data to be of high quality and appropriate for 
CFD code validation. 

~ 

SCFH kgls K 

supersonicHow cas? 

Propylene 109.6 k 0.6 1.51 x 450 

Oxygen 4882 k 1.8 5.11 x 450 

Air 1081 k 2.8 1.024 x 330 

Argon 0 0 

subsonic How case 

Propylene 55.8k0.3 7.82~ lo4 450 

Oxygen 259.9 f 0.8 2.71 x 450 

Air 861.0f15 7.86~ lC3 330 
Argon 0 0 - 

Results 
Computer Resources. AU CFD calculations were 

run on a Sun Microsystems Sparc 10 Model HS 125. 
The single-step *-rate chemistry solutions required 
1.63 mseclcelUiieration CPU time and 33 Mbyles of 
RAM. These solutiohs d e d  5000 iterations for 4-5 
ordersofmagnitudereductioninresidualan&requireda 
total CPU time of38.7 hours far the canputatid grid 
used. The 12-step finite-rate chemistry solutions re- 
quired 13.0 mec/celUiteration B U  time and 50 Mbyfes 
&RAM with a total CPU time of310 h m .  The grid 

not repoaedmthis paper, were also made on agrid with 
every other grid cell removed m each dinxticx~ Only 

gridmvqence was demonskated. 
Internal Flow Field. Supersonic Case. The pressure 

disiriiuiion along the surface of the aircap for the super- 
sonic flow case is shown in Fig. 5. One pressure port is 
locatednearthe air inlet above the d e  lip. while the 
Second port is located near the aircap exk shown an3 
predictions far single-step and 12-step finite-rate chem- 
istry models. It Can be seen that both models give rea- 
sonable predictions of the experimental pressure 
measurements, however, the predictions are -fly 
less than the measurements. For fhe pat Iocatednear the 
air inlet, the single-step and the 12-step models under- 
underpredict the data by 36 kPa (12%). At the port near 
the aircap exit, there is better agreement with the experi- 
mental data. The single-step and 12-step models under- 
predict the pressure measurements by 16 kPa (7%) near 
the exit. 

used is COIlsidered to be highly refined, computatians, 

gnall differences in s ~ u t i ~  resulted ma therefore. 
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FigUre5. Surfacepressurecomparisonbetween 
computationalpredictions andexperimentaldataforthe 

supersonic case. 

There are two probable reasons why the numerical 
predictions do not match the measurements more close- 
1V. The first is concerned With the aSsUmDtiOll of 80.811- 

step model. The obvious advantage is that the single- 
step model can produce the same results as the multi- 
step model at a fraction of the computational cost. The 
single-step model only requires solving a single conser- 
vation of mass equation whereas the 12-step model re- 
quires solving one less than the total number of species 
equations. The number of equatim solved directly af- 
fects Bu time and memory usage. Therefore. all re- 
mainkg calculations in the present study were made 
using the single-step model. 

8, 
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nlular fuevoxygen inlet rather than mode-kng the actual 
three-dimensional geometry of the fudoxygm inlet 
PO&. BY assuming ~UUIIAIS. the surfitce m a  of the 
flame is cliffant than would occur with the 10 individ- 
ual flames in the actual geometry. AISO, the annular Bs- 
sumption eliminates any flow that would exist between 
the individual flames, which could have a significant ef- 
fect since the flame only lights on the top andbottom of 
the annular premixed fueVoxygen jet, In order to assess 
the importance of this assumption, a threedimensional 
calculation would have tobe performed over a 9' sector 
containing a discrete fueI/oxygen inlet. TIE cost of the 
computation would infxease by the number of computa- 
tional planes used in the circumferential grid dimension. 
The second reason for the differences is the simplify- 

kk~~lrana (mm) 

F i p  6. Contom o f C 3 H 6 ~  fiactioxi inside the 
aircap for supersonic case with single-step chemistry. 
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models &A here haveignoreh most of the minor inter- 
mediate species, or radicals. in order to make the prob- 
lem computationally tractable. However. many of the 
species and associated reactions can be important be- 
cause hydrocarbon fuels do not react diredly with oxi- 
'dizers, but rathex go through a series of d o n s .  Both 
the single-step and the multi-step reaction models a~ 
empirically derived simplifications to more detailed 
combustionmodels. Giventhecomplexity ofthepresent 
flow field. the actual diffemces between the computa- 
tion and experiment are probably not unreasonable. 

It is encouraging to see that the derived single-step 
reaction model does' a good job of reproducing the pre- 
dictions made by the multi-step, quasi-global chemistry 
m&L By h q o r a t i n g  the equilibrium solution fiom 
the One-Dimensional Equilibrium Chemistry code" 
and including the correct gas products on the right side 
of the single-step reaction, the model has successfully 
simulated what occuls in reactions 2-12 in the multi- 

Figures 6 and 7 &OW -tours of the fuel llllls~ frac- 
tion in the aircap for both chemistry models. The flame 
shape can clearly be seen by the disappearance of pro- 
pylerie. which is burned entirely inside the aircap. As 
stated earlier. the preexponential constant on both Fuel 
+ Oxygen readions was adjusted to match the experi- 
mentally observed flame length. The flame in the 12- 
step case is slightly thicker than that produced by the 
single-step reaction model. However, as seen in the pre- 
vious pressure comparison, the differences in the gas 
propertiesareminimal. 
Gas te.mperatm umtours for the single-step case m 

shown in Fig. 8. Again the flame surface can distinctly 
be seen by the large gradient in temperature on either 
side of the premixed flame. The premixed fuel and oxy- 
gen m injected at a downward angle of approximately 
So to direct the hot combustion gases towards the center- 
line. Normally when powder is injected. turbulent mix- 
ing of the hot combustion gases occurs with the room 
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temperature argon carrier stream which promotes melt- 
ingoftheparticlesinflight.Thepeaktemperatureinthe 
flow field is approximately 3300 K. The flame is kept lit 
by the reversed flow regions that form at the face of the 
nozzle on either side of the flame. The result is recircU- 
lation regions that develop between the flame and the 
nozzle lip and a large high temperature recirculation re- 
gion below the flame, as seen in Fig. 9. This region m- 
curs since the inlet that usually introduces the argon/ 
particle mixture into the flow field was blocked. The 
flame structure can also be seen in the divergence in the 
streamline patterns which results from the large density 
d e c k  in the flame. 

- 
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Figure 8. Contours of gas tempera- inside the aircap 
for the supersonic case with single-step chemistry. 
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Figure 9. S t r e d  patterns inside the aircap for the 
supersonic case iith single-step chemistry. 

The low temperature region that occurs near the sur- 
face ofthe aircap is due to the annular injection of air 
between the n o d e  and the aircap. A relatively low tem- 
perature, turbulent, air boundary layer forms along the 
aircap surface. The purpose of the air injection is to keep 
the convective heat transfer to the wall as low as possi- 
ble to prevent melting the aircap. 

Subsonic Case. The single-step chemistry model was 
used for the subsonic flow case spec%ed in Table 2. 
Figure 10 shows the comparison between the computed 
surface pressures and experimental data. It is again ob- 
served that the single-step chemistry computation un- 

derpmlicts the experimental data by 24 kPa (14%) and 
11 P a  (8%) at the nozzle and exit stations, respectively. 
For this case, the same single-step reaction rate coeffi- 
cients were used as in the supersonic case. The pressure 
decreases slightly over the length ofthe aircap and then 
sharply drops as the gas flow accelerates towards the 
exit in the converging nozzle. 

175 F 0 

Aslightdiscontinuityinpressureisseentoexistnear 
the air inlec This occurs due to an over-specification of 
the subsonic inlet boundary conditions. An initial inlet 
pressure must be estimated in order to determine the in- 
let density, given a prescribed mass flow rate and gas 
temperature. Due to the nature ofhaw information prop- 
agates in subsonic regions of the flow. the inlet pressure 
is determined from the interior solution and the density 
should be adjusted accordingly. The inlet pressure for 
both the supersonic and subsonic cases was set at 300 
P a .  Since the calculated pressure m the subsonic case 

However, the effects of the discontinuity are only propa- 
gatedover afew grid cells and donot affect therest of 

is significantly lower, the diwmtml - 'tyisaccentuated 

the sollltioxl. 
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Figure 11. Contour~ofC~H~m8~~fractioninsidethe 
aircap for subsonic case with single step chemistry. 
Figure 11 shows contours of propylene mass fraction 

for the subsonic case. It can be seen in Fig. 11 that the 
flame extends slightly outside of de aircap for this low- 
er flow rate case. This type of behavior was also ob- 
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servkd experimentally for the lower flow rates. The 
temperature contours in the aircap for the subsonic case 
m shown in Fig. 12 with the peak temperature being 
approximately 3176 K. The high temperature region on 
the upper side of the flame i s  slightly smaller than for 
the supersonic case. As the flame reaches the exit of the 
aircap, the flame extinguishes on the upper surf= of 
the flame because of mixing of the combustion products 
and the cool air boundary layer. 
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F i i  12. Contours of gas tempexafure inside the 
aircap for the subsonic case with multi-step chemistry. 
External Flow Field. Flgure 13 shows the gas Mach 

numbex contours for the supersonic case. Tfie flow is 
choked near the exit with the curved sonic surface ex- 
tending into the exterior part of the flow field. The non- 
uniform flow disfribution near the exit can clearly be 
seen due to the multiple gas streams in the aircap and 
the large variation in static temperature. Recall that the 
local Mach n m k r  is the ratio of the local gas velocity 
and the local speed of ~ d .  The local speed of sound 

of the gas depends on the square root of the local ratio of 
specific heats and the s p a r e  root of the local gas tem- 
perature. The peak Mach number occurs slightly down- 
stream of the exit and has a value of 1.9. Since the 
pressure of the gas exiting the aircap is higher than the 
ambient pressure. this under-expanded jet wil l  then su- 
personically expand to the ambient pmsure through a 
series of expansion and compression waves, known as 
shock diamonds. One shock diamond can clearly be 
seen in the flow field. The skngth of the expansion and 
compression waves decreases as the flow cunvects 
downstream and the supersonic coxe flow is dissipated 
due to the rapid mixing with the ambient air. 

D*Bncr (mm) 

F m  14. Static pressure along the centerline with 
single-step chemistry. 

line of the .&ap and external flow. In the supersonic 
case, the flow expands from a pressure of approximately 
275 kPa down to approximately 35 Pa. The flow is 
then compressed and expanded until it reaches the ambi- 

Figure 14 shows the static pre~s~re  alw the center- 

55 60 65 

Mach Number 

mtai umance (mm) 
Figure 13. Contours of gas Mach number in the aircap and exterior for the supersonic case with single-step chemistry. 
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Figure 15. StreamlinE? patterns in the aircap and exterior for the supersonic case with single-step chemistry. 

ent pressure of 83 P a .  For the subsonic case,’tEae peak 
pressure along the centerhe is approximately 150 kPa. 
The flow goes through a single expansion to approxi- 
mately 75 kPa before compressing to the ambi- 
ent pressure. Though the peak Mach number in the 
subsonic jet is 1.1, the flow does not fully choke moss 
the exit in this case. 
As the jet exhausts into the ambient air, a “putnping” 

effect results as the ambient air is enfrained into the high 
speed jet. The inflow into the supersonic jet can be seen 
in the streamline patterns in Fig. 15. The peak velocity 
in the supersonic jet is approximately 1915 mlsec and 
decreases to 718 mlsec at 120 mm. Likewise, as the cool 
ambiient air is entrained into the supemmic jet, the gas 
temperature drops from 2800 a to is00 K as it passes 
tbrmgh the shock diamonds. 
Gas temperature contours for the subsonic case are 

shown inFig. 16. As the subsonicjet mixes with the am- 
biint air, a significant cooling of the jet occufs near its 
edges. As the flow convects downstream, more mixing 
occurs,.thehightemperafmcoreofthejetisreduced. 
and the radial temperature gradient expands as the sub- 
sonic jet fans out. The peak temperature in the external 
jet is approximately 3020 K and occurs at an axial dis- 
tance of17 mm and aradial distance of2.5 mm. Since 
the flow does not choke at the exit in this case, a large 
drop in gas temperature is not seen as with the suprson- 
ic jet case, which goes through a stronger expansion, as 
was discussed previously. This gas tempexatme steadily 
drops dong the centerline of the jet to a value of approx- 
imately 1200 K at the 120 mm. 

Summary and Future Work 
Computational fluid dynamics calculatim have been 

presented and compared to experimental data for a ther- 
mal spray device. The geumetry considered was simihr 
to a Mem Diamond Jet torch assumkg an annular inlet 
for the premixed fuel/oxygen stream. Comparisons be- 
tweenc;FDpredictionsandexperifnentalmeasurements 
were made for fuel/oxygen and 8v flow rates that pro- 
duced both supersonic and subsonic flow at the aircap 
exit. The computational predictions were found to un- 
derpdictthe aircap dacepressuredatainbothcases. 
The maximum deviations from the data were 36 kPa 
(12%) in the supersonic case and 24 P a  (14%) in the 
subsonic case. Both single-step and multi-step finite- 
rate chemistry models were used and shown to agree 
with each other very well. The exceptional agmment 
between the two models builds conjidence m the appli- 
cability of single-step finiterate kinetic models far use 
in prediction of t h e d  spray combustion chemistry 
with an order of magnitude reduction in computational 
requirements. This paper repments the first published 
comparisons of CFD predictions and experimental mea- 
mments far HVOF thennal spraying. 
Future work will remove the fuel/oxygen annulus as- 

sumption to ~ssess the impcxtmce of modeling the indi- 
vidual fuel/oxygeninlets and determine the effect an the 
surface pressure. In addition, research will be carried 
out to finther improve the single-step finite-rak chemis- 
try model developed herein. F d y ,  future computa- 
tions will include coupling spray particle dynamics and 
heattr~erwiththegasdynamicsandcomparingwith 
experime@a.l particle velocity measurements to further 
validate and build confidence in the numerical tech- 
nique. It is believed that the details of the flow features 
determined through (33 can fundamentally improve 
the design of future aircaps for t h m a l  spraying. 
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Figure 16. Contours of gas temperature m the aircap and exterior for the subsonic case wi&single-step chemistry. 
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