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Numerical Analysis of a High-Velocity 
Oxygen-Fuel Thermal Spray System 

X. Yang and S. Eidelman 

The fluid and particle flow field characteristics of a high-velocity oxygen-fuel (HVOF) thermal spray 
(TS) system are analyzed using a two-phase flow model and simulated using computational fluid dynam- 
ics (CFD) techniques. The model consists of a conservation equation and constitutive relations for both 
gas and particle phases. Compressible, turbulent flow is modeled by a k-• turbulent model. A Lagrangian 
formulation is used to model particle trajectory, and heat and momentum transfer. The fluid velocity 
fluctuations resulting from gas turbulence are simulated by a stochastic model and the particle motion in 
the turbulent flow is calculated in a Lagrangian Stochastic-Deterministic (LSD) method. Details of gas 
flow field, particle temperature and particle velocity histories, and particle temperature and velocity pro- 
files in the system are presented. For the validation of the numerical analysis, the computed results are 
compared with available experimental measurement. Excellent agreement between simulations and 
measurements is obtained for both gas and particle flow fields. A parametric study is also conducted for 
different particle sizes and different nozzle barrel lengths. The flow phenomena for different flow pa- 
rameters are analyzed and explained as the result of gas dynamics and heat and momentum transfer be- 
tween the two phases. The developed methodology provides a means to analyze, design, and optimize the 
TS process. The numerical analysis presents a first comprehensive,  fundamental quantitative analysis for 
the HVOF TS system. 

1. Introduction 

THE HIGH-VELOCITY oxygen-fuel (HVOF) thermal spray (TS) 
system has been used in the aerospace industry for a variety of 
surface coating applications for many years. Aerospace engi- 
neers use TS coatings to insulate parts from heat, reduce turbine 
blade wear, and protect against oxidation and corrosion (Ref 1). 
Although the process is widely used, TS system design has been 
primarily empirical and the understanding of the system mecha- 
nism is based on engineering intuition and analysis of  opera- 
tional data. The schematic diagram of the system, including 
combustion chamber, nozzle, barrel, particle injection, gas and 
particle flow field, is shown in Fig. 1. High-pressure and high- 
temperature combustion gases resulting from the combustion of 
oxygen and fuel expand through the converging and diverging 
de Laval nozzle and the barrel to supersonic speed (local Mach 
number M = 2). Particles are then injected into the barrel at the 
exit of the nozzle. Particles are turbulently mixed, heated, and 
accelerated in the barrel and jet at high speed and temperature to 
the substrate to be coated. From the fluid dynamics point of 
view, the system is very complex and involves two-phase (gas- 
particle) flow with turbulence, heat transfer, chemical reactions, 
and supersonic/subsonic flow transitions. In an engineering ap- 
plication, the microstructure and physical properties of  the 
plated surface are determined by the physical and chemical con- 
ditions of the particles that impinge on the surface. The physical 
and chemical condition of the particle impinging on the sub- 
strate in turn is dependent on a large number of parameters such 
as gun design (length of barrel in particular), the gas jet forma- 
tion, the position of the particle relative to the substrate, the par- 
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ticte size, shape, material, injection method, and so forth. In re- 
cent years, some publications have been dedicated to analyzing 
the TS process (Ref 2-4). However, these studies are either 
based on some highly simplified model or address only the gas 
and particle flow in the jet, without considering the key process- 
es of particle injection and gas/particle flow inside barrel. 

To advance the technology of the TS system and improve the 
quality and efficiency of the TS coating, we believe that a de- 
tailed understanding of the complete system is needed. The un- 
derstanding will include gas dynamics, particle injection, the 
interaction between the injected particle and gas flow, particle 
conditions before they impinge on the substrate, and the relation 
of  the particle condition to the final coating quality. In this paper, 
we present a study of the HVOF thermal spray system using 
computational fluid dynamics. We first formulate the compress- 
ible two-phase flow using a Eulerian (for gas) and Lagrangian 
(for particle) formulation. The dynamics of  the flow are gov- 
erned by conservation equations of each phase, and the particle 
phase is coupled with gas phase by momentum and heat transfer. 
We solve the system of equations numerically for the gas and 
particle flow field. The objectives of  the study are (1) to formu- 
late and solve the HVOF TS flow field and compare the simula- 
tion with existing experimental results and (2) to conduct a 
parametric study using a validated model to explore the charac- 
teristics of the two-phase flow tbr TS engineering applications. 

2. Mathematical Model and Numerical 
Solution 

The mathematical model for the two-phase flow consists of a 
conservation-governing equation and constitutive relations that 
provide closure models. The basic formulation adopted here fol- 
lows the gas and low-loading particle flow dynamics model pre- 
sented by Crowe et al. (Ref 5) and Chen and Crowe (Ref 6). For 
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the gas flow, it is natural to use the Eulerian approach for analyz- 
ing the continuum. A direct numerical simulation of the two- 
phase turbulent flow system requires solving the instantaneous 
compressible Navier-Stokes equation for the gas flow followed 
by simulating the motion of a large number of  particles in the re- 
solved instantaneous gas field. This method needs large capacity 
and very fast computers. It is not practical at the present time for 
engineering applications. At present, it is more appropriate to 
apply an averaged Navier-Stokes equation with turbulence 
models. In this study, the gas model is the compressible Navier- 
Stokes equation in Favre mass-averaged variables for the con- 
servation of  mass, momentum, and energy. To model flow 
turbulence, the Reynolds stress tensor is closed using a k-e tur- 
bulence model (Ref 7). Here, k is turbulent kinetic energy and 
is the rate of  dissipation of kinetic energy. A recently developed 
(Ref 8) three-dimensional, multiblock, upwind, fully implicit, 
finite volume code was modified to solve the governing equa- 
tions. The code incorporates the high-order, upwind, flux-differ- 
ence splitting process of Roe (Ref 9) with a monotonic 
upstream-centered scheme for conservation laws (MUSCL) in- 
tegration scheme to obtain good shock-capturing, high-accu- 
racy solutions in general coordinates for the three-dimensional 
geometry computational domain. For a three-dimensional flow. 
seven variable-governing equations are discretized and inte- 
grated in time to provide a steady-state solution. To deal with the 
well-known stiffness of the equations, an implicit time integra- 
tion is used. The details of the code and numerical solution tech- 
niques can be found in Ref 7. 

To describe particle motion, we use the Lagrangian formula- 
tion. The Lagrangian formulation allows a description of the 
particle/wall interactions that are very difficult to analyze nu- 
merically using a Eulerian approach. In addition, the Lagrangian 
formulation is also logical for the low-volume, collisionless par- 
ticle flow that is typical of TS systems. To simplify the analysis, 
the following assumptions are made: 

�9 The particles do not undergo a phase change. 

�9 The particles are solid spheres and have a constant material 
density. 

�9 The volume occupied by the particles is negligible. 

�9 The interaction between particles can be ignored. 

�9 The only force acting on a particle is drag force, and the 
only heat transfer between the two phases is convection. 

�9 The weight of the solid particles and their buoyancy force 
are negligible compared to the drag force. 

�9 The particles have a constant specific heat and are assumed 
to have a uniform temperature distribution inside each par- 
ticle. 

Furthermore, because the loading of the particle defined as 
total mass flow rate/total gas mass flow rate is very low (<4%), 
one can assume that the presence of particles will have a mini- 
mal effect on gas velocity and temperature field. This means that 
the momentum and heat exchanges from particle to gas are too 
small to change gas velocity and temperature distribution. As a 
result of the assumptions presented above, the two-phase prob- 
lem can then be decoupled: The gas flow field can be simulated 
first, followed by the particle flow analysis. 

The simulation of  the particle flow field consists of calculat- 
ing particle trajectories and temperature histories in the gun bar- 
rel and in the jet, after particles are injected into the gun barrel 
from the particle injection port. The interaction between particle 
and wall is also included in the simulation. 

Particle motion in gas turbulent flow is predicted by means of 
the Lagrangian stochastic model (LSD) (Ref 10, 11). There are 
two elements in the LSD model: the description of  the turbulent 
field and integration of the particle motion equations. 

The numerical solution of gas fluid equations provides the 
fields of mean velocity components as well as turbulent kinetic 
energy k and dissipation rate of turbulent kinetic energy, E. From 
k and E, the scales in time and space of large turbulence eddies 
can be evaluated. The fluid instantaneous velocity is obtained by 
adding the fluctuating velocity resulting from large turbulent 
eddy to the mean velocity. The root mean fluctuating velocity 
can be calculated from turbulent kinetic energy k, which is de- 
fined as ~-V~/2 where ~ is fluctuating velocity defined as 

---~ p---~ ' r.__ ~ . . 
= (u i + v j  + w k). If the turbulent field is assumed to be nso- 

tropic and to possess a Gaussian distribution of fluctuating ve- 
locity, then the turbulent kinetic energy k is equal to 

3 p2 r v 1/2(u'2 + v '2 + w "2) = / 2 u  �9 The standa d de iation of the fluctu- 
ating velocity distribution is or' = ( 3 k / 2 )  1/2. 

Using this standard deviation and the assumption of  a Gauss- 
ian and isotropic distribution of fluctuating velocities, we can 
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calculate turbulent velocity fluctuation�9 The instantaneous total 
fluid velocity is then: 

where ~g is the mean flow velocity. 
The equation of  motion for a particle in the gas flow (Ref 5) 

is 

d ~  Ap ~ (Eq2) m P= 
P dt C D P g ~ - ~ P )  [ ~ g - ~ p  ] 2 + 

where pg is gas intensity, mp is particle mass, ~p and ~g are par- 
ticle and gas velocity vectors, respectively. A, is the particle 

- - )  . r '  �9 

area. The term F denotes external force hke gravity or centrifu- 
gal or Coriolis force in a cylindrical coordinate system. Other 
forces such as added mass effect and Basset history force are not 
presently considered because they are of the order of the 
gas/particle density ratio, which for most applications of interest 
is of the order of  10 -3 (Ref 12, 13). 

The drag coefficient, CD, which appears in Eq 2, depends on 
a few parameters, for example, the Reynolds number, the Mach 
number, the surface roughness of  the particle, the flow stream 
turbulence level, the rotation of the particle, and so forth. How- 
ever, it depends primarily on the Reynolds number. For the pres- 
ent solution, the simple form proposed in Ref 14 is adopted: 

C = ( 2 4  ~(1 + Re 0687 )Rep< 1000 D [Rep)~ " 1.015 P 
\ ] 

C D = 0.44 Rep > 1000 (Eq3) 

Here the particle Reynolds number is defined by 

Rep = pg gg (Eq4) 

where Ug is gas viscosity. 
Integrating Eq 1, assuming the gas velocity is constant over 

the time of integration and deflningf = Cd Re/24, yields 

~p = ~gg - (~g - ~pp) exp ( - ~ )  (Eq5) 

- - )+  

where Wp is the initial particle velocity, At is the time interval, 
and 't is 

d 2 
,c= Ps p (Eq6) 

181.t~ 

where Ps is particle material density. 
After calculating the particle velocity, the particle position at 

time At is determined as: 

--~ ---~, At 
~ : ~ o + ( V p +  V~p)~ - (Eq7) 

Themodelassu mesthatthepar ticleinter actswithasequence 
of turbulent eddiesofgiven sizeand lifetime.After thepar  ticle 
tr aver sestheeddyor theeddydissipates,weassu methatthepar- 
ticle enters a new eddy with a randomly sampled new fluctua- 

tion intensity and hence, a given size and dissipation time�9 As a 
result,theinter actiontime(theAt in Eq 5) is the minimum of tur- 
bulence dissipation time and the time required for the particle to 
traverse a given eddy. 

The characteristic size of  the randomly sampled turbulent 
flow field (eddy size) is proportional to turbulent length scale 
given by I e = ck3/2/13. Here ~ is the energy dissipation rate that 
was calculated from the k-e model in gas turbulent flow calcula- 
tion. c is equal to 0.3 according to arguments in Ref 10. The eddy 
lifetime is estimated as At e = le/l~71. 

The requirement that the particle must remain within the 
eddy during the interaction time interval leads to the second part 
of  the requirement that 

I 
e 

Therefore, the interaction time between particle and gas (the 
eddy) will be the minimum of At e and Atr; that is, At = Min(Ate, 
Atr). After one interaction time, a new velocity fluctuation is ran- 
domly sampled and the process is repeated. 

The governing equation to calculate particle temperatures is: 

dr~ + 
mpCp dt = 

where Cp is the specific heat of  the particle and//  is the heat 
transfer rate to the particle. The rate of heat transfer excluding 
radiation heat transfer is defined as: 

i /= Nu 7~kgdp(Tg- Tp) (Eq 9) 

where kg is the thermal conductivity of the gas and Nu is the 
Nusselt number and is a function of the Reynolds number and 
Prandtl number. The relation used here is: 

Nu = 2 + 0.6Re~ ~ 33 (Eq 10) 

Integrating the particle heat transfer equation over a small time 
interval+ At, and assuming a gas temperature constant over the 
integration time, At, the resulting particle temperature is 

where ~ is defined as 

Psd~Cp 
= - -  (Eq 12) 

6Nu -k g 

3. Results 

3.1 Gas Flow Simulations 

To validate the current two-phase flow model and numerical 
solution procedure, we selected the TAFA JP-5000 HVOF TS 
system (Ref 15) as the test case because extensive experimental 
data are available for this system. We first resolve the gas flow 
field in the barrel. The chemical state of the gas flow in the barrel 
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can be considered to be in equilibrium or frozen composition. 
Experimental measurements (Ref 16) indicate that the flow is 
closer to the frozen state than to equilibrium. This is because the 
gas residence time is shorter than the chemical reaction time. 
Thus, we assumed in our simulations that the gas has a frozen 
chemical composition for a given fuel/oxygen ratio. The state of 
gas in a frozen condition can be calculated using the NASA Gor- 
don-McBride program (Ref 17). We simulated the JP-5000 gun 
flow for the conditions given in Ref 16, for which the experi- 
mental measurements were made. We considered the gas flow 
for the TAFA JP-5000 gun (Hobart Tafa Technologies Inc., Con- 
cord, NH) with a 200 mm (8 in.) barrel with the following con- 
ditions in the combustion chamber: 

�9 Molar mass of combustion products: M = 25.84 kg/kg mole 

�9 Stagnation temperature: 7 ~ = 3100 K 

�9 Chamber pressure: pO = 586.1 kPa 

�9 Isentropic coefficient: c~ = 1.12 

Fig. 2 Velocity contours reside the nozzle and barrel of the gun 

Fig. 3 Properties along the nozzle and barrel centerlme. Density (I-1, 
P/PRef, PRef = 0.121 kg/m3); velocity (O, u/aRe fi aRef= 966 m/s); 
pressure (A, P/PRefi PRef = 101,325 Pa): temperature (+, T/TRe f, TRe f 
= 2600 K) 

Given these conditions and the gun/barrel geometry, we 
simulated the steady-state flow regime for the gun de Laval noz- 
zle and barrel, using barrel lengths of 8 and 4 in. The results for 
the 8 in. length are shown as velocity contour plots in Fig. 2, 
which shows flow acceleration in the de Laval nozzle from very 
low subsonic speeds on the order of less than 1 m/s in the com- 
bustion chamber to high supersonic speeds on the order of 2000 
m/s in the barrel. We also notice that a significant boundary layer 
develops in the barrel. This leads to a decay of flow velocity 
along the barrel because of partial constriction of the channel. 
The nondimensional pressure, temperature, and velocity distri- 
bution along the nozzle and barrel centerline is given in Fig. 3. 
Here the following trends can be noted: 

�9 The pressure and density drop rapidly in the de Laval noz- 
zle, reaching a minimum and then steadily increasing along 
the barrel length with the reduction of flow velocity. 

�9 The velocity increases to 2000 m/s at the nozzle exit and 
then gradually decreases to 1700 m/s at the barrel exit as a 
result of the boundary layer growth. 

�9 The temperature decreases from 3100 K in the chamber to 
about 2500 K at the barrel exit. 

Figure 4 compares the simulation results in the form of veloc- 
ity distribution at the barrel exit with the experimentally meas- 
ured values given in Ref 16 and shows an excellent agreement 
between the computational and experimental results, indicating 
that our numerical methodology can accurately predict the flow 
regimes of the TS guns. The maximum deviation between nu- 
merical and experimental results shown in Fig. 4 is less than 
10%. Figure 5 shows the comparison between computational 
prediction and experimental measurements of radial distribu- 
tion of gas temperature at barrel exit. Again, good agreement be- 
tween experimental and numerical results is observed. 

The external flow field is calculated with the flow condition 
at the exit of the gun barrel as the input boundary condition for 
jet simulation in the ambient air. Because the pressure at the bar- 
rel exit is greater than the ambient pressure, the nozzle flow is 
categorized to be underexpanded. The flow expands supersoni- 
cally into the ambient air. The density contour plot for the jet is 
shown in Fig. 6. The jet flow forms a supersonic core region, 
generates a so-called diamond shock pattern of expansion and 
compression waves, forms a free shear layer between jet and ex- 
ternal air, and mixes and entrains the ambient air into the jet to 
slow down the jet from supersonic flow to subsonic flow. Figure 
6 shows the jet cross-section growth as a result of mixing with 
the external air. Currently, the only quantitative experimental 
measurements of such jets are given in Ref 16, which presents 
measurements of velocity at the jet centerline. Figure 7 com- 
pares the velocity data obtained from our simulation with the ex- 
perimental measurements given in Ref 16 for the same 
conditions. We can see from this comparison that experimental 
observations validate our simulations, and the deviation be- 
tween the numerical and experimental data is less than 10%. 

3.2 Particle F low S imu la t ions  

As discussed in the last section, the loading (defined as parti- 
cle mass flow rate/gas mass flow rate) is low (<4%). The pres- 
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ence of  particle f low will not influence the gas flow field, After 
calculating the gas flow field, we integrate the equation o f  parti- 
cle motion (Eq 2) and the equation o f  heat transfer (Eq 8) to ob- 
tain particle trajectories and temperature histories for different 
particle diameters and injection speeds. Inconel 718 panicles  
are used in the study. The fol lowing particle flow parameters are 
selected for the test cases: 

�9 Particle material density: ps = 9000 kg/m 3 

�9 Particle diameters: Dp = 10 tam, 20 lam, 40 p_m, 60 ktm 

�9 Specific heat: Cs = 462 J/kg.K 

�9 Injection angle: ct = 12 ~ +_ 5 ~ 

�9 Injection speed: uj = 20 m/s 

A large number (>1000) of  particle trajectories and tempera- 
ture histories are traced through the flow field (from nozzle in- 
ject ion to plating distance) in order to obtain mean particle flow 
properties. 

The first set of  simulations was done for particles injected 
into the barrel at a speed of  20 m/s Ibr an 8 in. barrel gun. Be- 

Fig. 5 Comparison between computational prediction and experi- 
mental measurements of the radial d~stribution of the gas temperature 
at barrel exit (O, experiment; , calculation) 

Fig. 4 Comparison between computational prediction and experi- 
mental measurement of radial distribution of gas velocity (O, experi- 
ment, Ref 16: - - ,  calculation), at barrel exit 

Fig. 6 Density contours in the area of the barrel and the jet for the JP- 
5000 gun 

Fig. 7 Comparison between computational prediction and experi- 
mental measurement of gas velocity and particle velocity dtstribution 
at the jet centerline for the case of 8 in gun barrel (0, experiment, gas 
velooty (Ref 16) ,  ,calculation, O, lOlam;A, 2Opm;+,4OMm:• 
60 lain; V, 35 lain experiment particle velooty) (Ref 18) 
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cause particle size typically ranges from 10 to 60 lam in TS ap- 
plications, Fig. 7 shows averaged particle velocities for 10, 20, 
40, and 60 Jam particles as a function of axial location from the 
exit of  the barrel. The simulations were done for Inconel 718 al- 
loy injected at the rate of 10 lb/h into an 8 in. barrel. Gas velocity 
is shown in the same figure. The l0  tam particles exit the barrel 

I 
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A x i a l  L o c a t i o n  (ram) 

Fig. $ Gas and particle temperature distribution at the,let centerline 
for the case of 8 in. gun barrel ( , gas. O, l0 lain; A, 20 lam, +, 40 
Bm; x, 60 lam) 

at a high speed of 1250 m/s and continue to accelerate to speeds 
as high as 1350 m/s at 100 mm from the barrel exit. However, the 
particles are then decelerated by gas due to a drastic decrease in 
the gas velocity. Particles end up at about 700 m/s when they 
reach the substrate at a normal standoff distance of  360 mm from 
the barrel. The 20 and 40 I, tm particles exit from the barrel at 
speeds of  about 820 and 470 m/s, respectively. Due to the greater 
inertia of  these particles, they are accelerated less when gas 
speed is greater than the respective particle speeds. However, 
these particles also decelerated less when the gas speed de- 
creases to below the corresponding particle speed. Thus, in Fig. 
7 at a distance of 360 mm from the exit, the 20 pm particle will 
have higher velocity than the 10 lain particle. The 60 lain particle 
exits from the gun at a speed of about 300 m/s and retains that ve- 
locity in the jet  flow region. At the standoff distance, all four par- 
ticles have higher velocity than the gas velocity. There is a large 
variation in particle velocity as a function of particle size. At the 
typical plating location, the difference is about 400 m/s for 10 
and 60 lam particles. This difference translates into an order of 
magnitude difference in kinetic energy per unit mass of the im- 
pinging particle and obviously will lead to different plating con- 
ditions. In general, the understanding is that the higher the 
velocity, the better the coating. It is believed that the greater ve- 
locity simply packs the particle more tightly. These velocity dif- 
ferences for different size particles at the same injection speed 
(20 m/s) can be explained by the particle inertia and hence parti- 
cle acceleration/deceleration mechanism. The significant influ- 
ence of particle size on particle dynamics can be quantitatively 
seen from Eq 5, which shows that particle acceleration and de- 
celeration relaxation time is dependent on the particle diameter- 
squared. 

To compare with experimental results, we also draw average 
particle velocity along the centerline measured in Ref 19 in Fig. 7. 

O 

, - , 2  
4 o 

0.0  200 .0  400 .0  600 .0  8 0 .0  
A x i a l  L o c a t i o n  (ram) 0.0 200.0 400.0 600.0 800.0 

A x i a l  L o c a t i o n  ( m m )  Fig. 9 Comparison between computational prediction and experi- 
mental measurement of  gas velocity and particle velocity distribution Fig. 10 Gas and particle temperature distribution at the jet centerline 
at the jet centerline for the case of 4 in. gun barrel ( - - ,  calculanon, for the case of 4 in gun barrel ( , gas, O, 10 lam; A, 20 lam; +, 40 ~tm; 
O, 10 lam; A, 20 lam: +, 40 lam; • 60 I, tm) • 60 p.m) 
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The number averaged particle size is 35 lam. As we can see, good 
agreement between experimental measurement and numerical 
prediction is obtained. 

Figure 8 shows particle and gas temperature as a function of 
axial location. Again, we observe that particle temperatures (ex- 
cept in 10 lam particles, which reach thermal equilibrium at exit 
of nozzle) rise the first part of  the jet, because gas temperature is 
higher than the particle temperatures. Because the gas tempera- 
ture decreases sharply in the jet  due to gas jet  expansion, it drops 

below particle temperature at the distance of 100 mm from the 
exit. Particle temperatures are higher than gas temperature at the 
plating distance. The 10 !am particles almost reach thermal equi- 
librium with the gas when they reach the exit of the gun. The 
temperature of 10 lam particles is as high as 2400 K. The 20 lam 
particles also reach 2000 K at the gun exit. These particle tem- 
peratures are well above the melting point of Inconel 718 parti- 
cles (about 1650 K). Thus, under these conditions, there is a 
good chance that particles smaller than 20 lam will be deposited 

(a) Co) 

(r (d) 

Fig. 11 Radial particle velocity distribution at standoff distance of 36 nun (a) 10 t.tm particles (b) 20 lam particles to) 40/am partlcle~ (d) 60 t.tm pamcles 
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at the barrel surface. The temperature of 60 pm particles may be 
too low to obtain good coating quality, because they may never 
reach the melting point during the entire process. At the plating 
distance, the average temperatures for 10, 20, 40, and 60 lam par- 
ticles are 700, 1100, 1400, and 1300 K, respectively. At the 350 
mm plating distance, 40 pm particles have the highest tempera- 
ture of about 1400 K, whereas the temperature for 10 lam parti- 
cles dropped to 700 K due to fast cooling of the small particle in 
the gas. This temperature difference wilt significantly affect 
plating quality. This trend again can be demonstrated through Eq 
11, which shows that particle heating is proportional to the 

square of the particle diameter. However, the temperature differ- 
ences are somewhat smaller between the different-sized parti- 
cles because of the longer residence time of the slower moving, 
larger particles. 

As we observe from Fig. 7 and 8, larger particles are more 
difficult to heat and to accelerate. However, they are also more 
difficult to cool and decelerate. They maintain their velocity and 
temperature longer and have greater kinetic energy at impact on 
the substrate. As observed, large differences in velocity and tem- 
perature exist for different particle sizes, which lead to the con- 
clusion that optimal coating conditions can be obtained for a 

182---Volume 5(2) June 1996 Journal of Thermal Spray Technology 



much narrower range of panicle sizes than 10 to 60 p_m and that 
a large amount of coating material is wasted. 

To study the effect of the gun barrel length on particle veloc- 
ity and temperature, a second set of  simulations was done for a 4 
in. barrel gun. The resulting centerline gas velocity averaged 
particle velocities are shown in Fig. 9. Gas temperature and av- 
erage particle temperature as a function of  axial location from 
the gun exit is plotted in Fig. 10. In general, we observe the same 
trend of variation of particle temperature and velocity as the par- 
ticles travel through the jet. Careful comparison of Fig. 7 and 9 
shows that at the gun exits (axial location 0), the particle velocity 
of each particle size for the 8 in. barrel is higher than the particle 
velocity of the sarne size for the 4 in. barrel. This is expected, be- 
cause the longer the barrel, the longer the time to accelerate the 
particles. At the plating distance, the particle velocity of each 
particle size for the 8 in. barrel case is about 50 to 100 m/s higher 
than the velocity of  the same size panicle in the 4 in. barrel case. 
Comparing the panicle temperatures of Fig. 8 and 10, we ob- 
serve the same general trend for panicle temperature variations 
in both the 8 and 4 in. barrel cases. The variations in the particle 
velocity and temperature as a function of  barrel length may well 
be used to achieve the optimal condition for different coating 
materials and requirements. 

Simulation of  panicle interaction with flow microturbulence 
allows us to predict panicle parameter distribution in the cross 
sections of the jet. Figure 11 displays particle velocity distribu- 
tion as a function of radius at the standoff distance for particle 
sizes 10, 20, 40, and 60 lam for the case of an 8 in. gun barrel. 
This figure shows large variations in particle velocity for small 
particles at the gun exit, because they are more affected by the 
local turbulence and velocity variation in the cross section. In 
general, particles exit from the barrel and spread out in a radial 
direction as they travel downstream. However, we find that the 
spreading is highly restricted. At a standoff distance of 36 cm, 
the panicle je t  spread or the deposition spot is well defined 
within less than 30 mm diameter. For 10 I, tm particles, the veloc- 
ity varies from 70 to 400 m/s; most of  the particles have a ve- 
locity higher than 600 m/s. For  20 lam particles, the velocity 
variation is between 600 and 850 m/s. For 40 lain particles, 
the velocity variation is kept between 400 and 500 m/s. Fi- 
nally, for 60 iam particles, the velocity variation is in the 
range of 300 to 375 m/s. In general,  "uniform" or "top hat" 
distribution of  particle velocity is desirable for uniform coat- 
ing. In Fig, 12, the radial cross section of  particle density dis- 
tribution at the standard plating distance (360 mm) is given in 
the form of  particle numbers at the radial locations. The par- 
ticle distributions are presented for 10, 20, 40, and 60 ~tm par- 
ticle sizes. In this figure, we observe that the particle density 
distribution is a strong function of  the particle size. While  10 
and 20 lam particles have a typical  Gaussian distribution, 40 
and 60 ~tm particles will produce coating spots or "rings" 
with most of the material concentrating at the edges. Our pre- 
liminary simulation results (Ref 19) show changing the parti- 
cle injection velocity will al low modification of the particle 
density distribution; however, it will be very difficult to af- 
fect all classes of  particles at once in the necessary direction. 
Thus, improving the distribution for the large particles might 
worsen it for the small particles.  

4. Conclusion 

A two-phase flow numerical model is developed and applied 
to study an HVOF thermal spraying system. The gas flow field 
and particle trajectories and temperature histories are calculated 
and presented. Validation of numerical simulation results with 
experimental data has shown the CFD methodology accurately 
predicts gas and particle flow fields in the HVOF TS system. A 
parametric study is conducted for different particle sizes and 
gun barrel lengths. The quantitative results obtained by this 
analysis offer a comprehensive, fundamental analysis of the 
HVOF thermal spray system. It appears that for the JP-5000 sys- 
tem, particle injection velocity should be carefully controlled in 
order to produce a high-quality coating. We also have shown 
that panicle trajectories and parameters are very strong func- 
tions of the particle radius. The developed methodology allows 
the researcher or engineer to design optimal injection conditions 
for different particle and flow regimes. This approach can sig- 
nificantly reduce plating development time for new plating sys- 
tems and improve the quality of  the traditional platings. 
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