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Mathematical Modeling of the Gas and 
Powder Flow in HVOF Systems 

H.H. Tawfik and F. Zimmerman 

A mathematical model was developed to describe the gas dynamics and heat-transfer mechanism in 
the gas/particle flow of high-velocity oxyfuel (HVOF) systems. A numerical solution was carried out 
using a PC-based computer program. One-dimensional predictions of the temperature and velocity 
profiles of gas and particles along the axis of flow were obtained to conduct cost-effective parametric 
studies and quality optimization of thermal spray coatings produced by HVOF systems. The numeri- 
cal computer model allows for the variation of the HVOF system parameters, such as air/fuel ratio 
and flow rates, cooling water inlet temperature and flow rate, barrel length, standoff distance, par- 
ticle size, and gun geometry. 

Because of the negligible volume of the powder relative to the gas, the gaseous phase was modeled as con- 
tinuous nonadiabatic, and friction flow with variable specific heats and changing cross-sectional areas of 
flow. The generalized continuity, momentum, and energy equations with the influence parameters were 
used to model the gaseous flow regime and predict its thermodynamic properties. Empirical formulas for 
the mean axial decay of both velocity and temperature in the supersonic jet plume region were generated 
from published measurements of these parameters using laser Doppler velocimeter and Rayleigh scatter- 
ing techniques, respectively. The particle drag and heat-transfer coefficients were calculated by empiri- 
cal formulas in terms of Reynolds, Nusselt, and Prandtl numbers to evaluate both the momentum and 
heat transferred between the combustion gases and the powder particles. The model predictions showed 
good agreement with the particle and gas temperature and velocity measurements that are available in 
the literature. 

Keywords HVOF, model, optimization, parameters, quality I 

1. Introduction 

Thermally sprayed coatings enhance materials properties 
and provide surface protection against their working environ- 
ments in a number of industrial applications. Recently, hexava- 
lent chromium associated with hard chromium plating was 
classified as a human carcinogen and environmental pollutant 
(Ref 1). The aerospace industry has traditionally used hard 
chrome plating as a corrosion protection material. Accordingly, 
the National Aeronautics and Space Administration (NASA) is 
developing thermal spray coatings to replace the hard chrome 
plating that is currently being used on the space shuttle main en- 
gine. These coatings are made of  tungsten carbide and cobalt, 
chromium oxide, and FerroTic (iron-base material with titanium 
carbide) (Ref 1) to provide protection against wear, corrosion, 
and hydrogen embrittlement of  the low-pressure liquid-hydro- 
gen-carrying ducts on the shuttle main engine. One of  these sec- 
tions is the low-pressure fuel turbo pump (LPFTP) discharge 
duct used on the shuttle main engine. The duct carries liquid hy- 
drogen fuel at a temperature o f -253  ~ (-423 ~ to the high- 
pressure fuel turbo pump (Ref 2). 

In addition to its extensive use in generating protective coat- 
ings, thermal spray has been used in the manufacture of near- 
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net-shape parts with customized material and engineered prop- 
erties. In these applications, thermal spray is used to build up 
material(s) to form the required part geometry. Moreover, ther- 
mal spray is used for the repair of worn or mismachined me- 
chanical parts (Ref 3). 

Thermal spray coatings are formed from the flattened con- 
solidation and solidification of molten powder particles; thus, 
the properties of these coatings are highly dependent on the 
spraying process itself. Accordingly, the microstructure, poros- 
ity, hardness, and bonding characteristics of  the coatings are 
mainly controlled by the temperature and the velocity of molten 
particles (Ref 4). 

High-velocity oxyfuel (HVOF) processes have proved suc- 
cessful for spray materials with melting points below 3000 K, 
since it shows economic advantages when compared to other 
coating processes that produce similar-quality coatings (Ref 5, 
6). In such systems that produce high-velocity particles, the ox- 
ide content of the coatings did not correlate to the particle tem- 
perature or the excess oxygen in the lean fuel conditions, but it is 
related to high substrate temperatures (Ref 7). It is believed that 
the primary mechanism for the formation of  oxide inclusions oc- 
curs after a particle splat, when the hot coating is exposed to the 
oxygen contained in the relatively low-velocity boundary layer. 
The exposure times of a given splat to the boundary layer are on 
the order of seconds, a factor of 103 longer than during particle 
flight (Ref 8). 

The application of simulation techniques to thermal spray 
processes has grown steadily over the years. Once a model of the 
process is established and validated, system parameters become 
evident. The obtained fundamental understanding of the optimi- 
zation process can be accomplished with a numerical computer 
model (Ref 6). 
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Accordingly, the objective of  this investigation was to de- 
velop a computer model to simulate the thermal and gas dy- 
namics of  both gases and particles associated with the HVOF 
process to provide predictions of the particle velocities and 
temperatures. In the HVOF process, oxygen and atomized 
kerosene were injected coaxially into the combustion cham- 
ber, where they were mixed and ignited by a spark plug. The 
hot combustion gases were accelerated to supersonic condi- 
tions in a conversion diversion nozzle. At the exit of  the noz- 
zle, the powder was transversely injected with an argon or 
nitrogen carrier gas. The powder was heated and accelerated 
in the gun barrel and jet region by the hot gas, and most of  the 
powder eventually was deposited on the substrate. The model 
was partially validated against data collected from Hobart 
Tafa using the JP-5000 system. 

2. M a t h e m a t i c a l  Mode l  

The model development was accomplished in four main 
stages as described in the following sections. 

2.1 First Stage: Modeling of the Gas Flow Inside 
the HVOF System with No Consideration of the 
Powder Flow (Ref 9) 

In most HVOF thermal spraying applications, the powder 
represents a small ratio of 5 to 8 wt% and negligible volume in 
relation to the combustion gases (Ref 10) that are considered the 

main continuous phase; therefore, the effect of the powder on 
the gas flow was ignored. The generalized flow equations with 
the infuence parameters were used to model the gas flow in a 
HVOE The temperature and mach number equations (Eq 1 and 
2) were numerically integrated for a single-phase, nonadiabatic 
friction flow with variable specific heats (Ref9). Thus: 

dM2 - .2 dA + _ _  

M 2 1 - M 2 A 1 - M 2 CpT 

kM2/1 k-I  2) 
+ 2 M ) 

+ (Eql)  

dT  ( k - 1 ) M  2dA ( l - k M  2) dQ  

T -  ( 1 - M  2) A + ( 1 - M  2) CpT 

k(k  - 1)M 4 4f  ~ (Eq 2) 

where A is the cross-sectional area of  flow, f is the coefficient of  
friction, k is the ratio of specific heats, M is the mach number, Q 
is the net heat per unit mass of gas, Tis absolute temperature, D 
is mean hydraulic diameter, X is the Cartesian coordinate, and Cp 
is the specific heat at constant pressure. 

~- Reference [13] Mod. Correlation .8 " " Mod. Correlation = 2 Reference [12] j 
] 

II MJ=I Mj �9 

I I I I I 1.2 

Xr 2 
D" = 3"5 + I"0Mi  

.~;:5- 1 ,- - " ~ - " ~  '~ t U "0.8 " 
~ 1 exp 5 

uj 1 Xc. 

"~ ~ ~ �9 Velocity decay coefficient (exponential coefficient) = 0.85 

"t-- 0.6 ~ " .  and 1500 to 3000 K at jet exit section) 
- ~ �9 Range of validity (between 1.5 and 2.5 mach number 

"~ 0.4 
N 

g 
0 0 . 2  

Fig. 1 

i I I  

0 5 10 15 20 25 30 35 40 45 50 

Normalized axial position, X/D 

Modified correlation for axial decay velocity in supersonic jet plumes 

346--Volume 6(3) September 1997 Journal of Thermal Spray Technology 



Equations 1 and 2 were solved by a numerical computer 
model, and predictions of the gas velocity and temperature were 
obtained (Ref 9) at all flow cross sections inside the thermal 
spray system. Due to the appearance of the term (1 - M 2) in the 
denominator of Eq 1 and 2, the numerical model experienced 
singularity at the throat section of the convergent divergent noz- 
zle. The model quickly recovered as the solution propagated 
downstream of the throat area. However, this singularity prob- 
lem could be completely rectified by the application of a Taylor 
series expansion on these singularity-causing terms in the throat 
proximity zone. 

2.2 Second Stage: Empirical Correlation for the 
Mean Axial Velocity and Temperature Decay of 
a Free Supersonic Jet Plume 

Visual studies, such as Schlieren flow visualization, showed 
a "potential core" with an embedded shock-diamond structure 
that is formed in the supersonic zone due to the underexpanded 
nature of  the jet (Ref 8). Further downstream, large turbulent ed- 
dies were generated by the large velocity and temperature gradi- 
ents at the boundary layer between the jet and the ambient air. 
This mixing zone is further subjected to the effect of a large den- 
sity difference between the hot jet core and the comparatively 
cold and slow ambient atmosphere. Particles smaller than 5 pm 
will fully track the turbulent motion of the fluid; however, much 
larger particles, such as typical HVOF metal spray powders, are 
generally unaffected by the eddies and remain in the relatively 
high-temperature, low-density, and least-motion-resistance 
zone near the jet centerline (Ref 8). 

To better understand the noise generation mechanism in su- 
personic free jets, considerable investigation efforts have been 
devoted to the measurement of  flow parameters and how these 
quantities vary with jet flow conditions (Ref 11). Earlier mean 
velocity measurements (Ref 11) using laser Doppler velocime- 
ter and hot-wire anemometer techniques resulted in an empirical 
formula that gives the variation of the potential core length with 
the roach number for both heated and cooled jets: 

X c 
-~- = 4.2 + 1.1M 2 (E.q 3) 

where Xc is potential core length, D is the exit jet diameter, and 
Mj is the exit jet mach number. 

Ageneral empirical correlation for the supersonic axial mean 
velocity decay with a range of  validity between mach numbers 
0.3 and 1.4 is (Ref 10): 

r135 U _ l _ e x p  ~ (Eq4) 

where U is the average jet velocity and Uj is the exit jet velocity. 
In HVOF applications, the jet mean axial velocity and tem- 

perature ranges are between roach numbers 1.5 and 2.5 and 1500 
and 3000 K, respectively. A study of heated jets indicated that 
the core length decreased as the jet temperature increased (Ref 
12). Thus, Eq 3 and 4 were modified to expand their range of va- 
lidity by correlating recent measurements of the mean axial de- 
cay velocity and temperature obtained from NASA/Langley 
(Ref 11) and the University of  Toronto (Ref 13). Figures 1 and 2 
show the mean velocity and temperature correlations in relation 

1.2 

1 

0.8 

Q 
Q .  

E 
o.6 

R 
r 

0.4 
E 

N 

O 
z 

= Reference [131 Mod. Co_n'elatton Mj=I.8 ="=~ Mod. Correlation Mi=2 �9 Reference [12]]  

i= 

% 

..< 

0 5 10 15 20 25 

A C 
D = 3 . 5 + 1 . 0  M~ 

I 
�9 1.25 '~ 

T-T. - 1 - e x p "  ~ , i 
TI'T, 2 - X r  . 

where T = mean let temperature, T a = ambient temperature, 

Tj = mean temperature at jet exit section 

Temperature decay coefficient (exponential coefficient) = 1 25 
Range of validity (between 1.5 and 2.5 mach number and 1500 to 
3000 K at jet exit section). 

30 35 40 45 50 

Normal ized axial  posit ions, X/D 

Fig. 2 Modified correlation for axial decay temperature for supersonic jet plumes 

Journal of Thermal Spray Technology Volume 6(3) September 1997--347 



to the measured values. Comparison of these figures for free ax- 
isymmetrical jets indicated that the velocity decays faster than 
the temperature; that is, the momentum transfer between a jet 
and a still ambient is more pronounced than heat transfer be- 
tween a heated jet and a cold surrounding environment. The de- 
cay coefficients are 0.85 and 1.25, as depicted in Fig. 1 and 2, 
respectively. 

2 .3  Third Stage: Momentum Transfer Mechanism 
between Gas and Particle 

In a gas/solid or a gas/liquid flow, the momentum equations, 
for either solid or liquid particles, were solved in a Lagrangian 
frame of reference moving with the particles. The equation of  
motion for the particle is written as (Ref 14): 

% 1 
mp dt = 2 pgAp CD (Vg - Vp)lVg - Vpl - VpVp (Eq 5) 

where mp is the mass of the particle; Vp is the velocity vector of 
the particle; C D is the drag coefficient; pg, Vg, andp are the den- 
sity, velocity, and pressure of  the gas, respectively; Ap is the par- 
ticle surface area; and Vp is the particle volume. The particle 
motion in two-phase flows depends on the gas properties and 
particle properties. Because of the relatively high surface ten- 
sions of  liquid metals, all particles are assumed to maintain their 
near-spherical shape during the active heat-transfer periods in the 
barrel and the free plume. This equation of motion for a particle ac- 
counts for the acceleration/deceleration of  the particle or droplet, 
due to the combined effects of drag from the gas flow and local pres- 
sure gradients in the gas. Because the gas flow pressure change is 
relatively small in the friction flow inside the gun barrel and the free 

jet plume, the gas pressure gradient effect on the particle motion 
is neglected in comparison to the drag force (Ref9). 

A literature survey in the area of two-phase flows reveals that 
a number of drag coefficient equations have been used to calcu- 
late particle motion in supersonic flows (Ref 15). Because the 
particles are injected into a supersonic flow, each particle will 
initially have a shock wave on the upstream side. As the particle 
accelerates and gains more speed downstream, the strength of  
the shock wave subsides and eventually diminishes. The drag in- 
duced on these particles in this supersonic flow is calculated 
with the following empirical correlation (Ref 15): 

dVp 3 C D ( P . E ] ( V - V p ) I V -  VpI 
dt = 4" ipp) d (Eq 6) 

The drag coefficient for the particle is based on the local 
Reynolds number of the particle and is evaluated as: 

Re = p % - Vp= %.- ~_~7) 

where ~ is the molecular viscosity of  the gas. The variation of  
the gas viscosity was evaluated from the graph and empirical 
formula shown in Fig. 3. The following correlations have been 
found to be valid for a wide range of  Reynolds number (Ref 14): 
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2.4 Fourth Stage: Heat-Transfer Mechanism 
between the Gas and the Powder 

The coefficient of heat transfer (h) between the particle and 
the gas can be determined from the following Ranz-Marshall 
semiempirical equation: 

hdp 0.6 Re~ pr~ N u = - - = 2 +  
kg 

Pr - C pg ~tg 
kg 

fEq9) 

where Cp is the specific heat of combustion gases, dp is particle 
diameter, and kg is the coefficient of  gas thermal conductivity 
that was evaluated from a correlation as a function of tempera- 
ture (Fig. 4). Considering that the particle maintained its spheri- 
cal configuration throughout the process, and exhibited a 
homogeneous temperature distribution within the negligible 
particle volume in relation to the combustion gases, the tempera- 
ture of the particle was calculated from Eq 10: 

AthT g + 1 ppRpcpTp t 
T - (Eq 10) 

1 R P Ath + -~ pp pCp 

3. Results and Discussion 

The model predictions showed a sharp increase in both parti- 
cle velocity and temperature when the powder was initially in- 

jected in the barrel (Fig. 5 and 6). The particle velocity reached 
almost half the gas velocity at the end of the barrel. Meanwhile, 
the particle temperature closely approached the gas temperature 
at the same location. This indicates that the heat-transfer mecha- 
nism between the gas and the particle is more efficient than the 
momentum-transfer mechanism. Also, the experimental meas- 
urements of normalized axial velocity and temperature of  the su- 
personic heated plume, shown in Fig. 1 and 2, respectively, 
conveyed similar understanding since the decay exponent of the 
momentum transfer (0.85) was less than that of the heat transfer 
(1.25). 

The model predictions of particle and gas velocities and tem- 
peratures in the jet plume (Fig. 7 and 8) showed that the gas 
maintained steady velocity and temperature over the potential 
core zone, which extends up to X/D = 8 to 10, due to the lack of 
significant ambient air entrainment in this zone. At the end of 
this zone, both the gas velocity and temperature experience a 
rapid decrease as they cross below the particle velocity and tem- 
perature curves shown in Fig. 7 and 8. This is attributed to large- 
scale eddies and turbulent entrainment of a comparatively much 
cooler and slower surrounding atmosphere in the mixing turbu- 
lent region of the jet generated by the shear boundary layer and 
the density difference between the jet and the environment. The 
overall effect is that the jet cooled, spread, and decelerated, as 
depicted in Fig. 7 and 8. 

Figures 7 and 8 also show the velocity and temperature pre- 
dictions of two different particles: tungsten carbide (WC) and 
Inconel 718. The predictions showed that the lighter Inconel 718 
particle with a density almost half that of the WC particle gained 
and lost both heat and momentum faster than the WC particle, as 
clearly shown in Fig. 5 to 8. 
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The predicted values from the model showed good agree- 
ment with the experimental data published by the JP5000 manu- 
facturer. Accordingly, after complete validation this model 

8000  

could provide a powerful simulation and optimization tool for 
HVOF thermal spray systems and the coating quality produced 
by these systems. 
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4. C o n c l u s i o n s  

�9 The mode l  predic t ions  showed  the expected  veloci ty and  
tempera ture  t rends for bo th  the particles and the gas. 

�9 The  model  was partial ly val idated agains t  measu remen t s  
p rovided  by  the manufacturer .  

�9 Af ter  val idat ion,  the model  could be used for parametr ic  
study and  opt imiza t ion  o f  H V O F  systems.  

�9 Singular i ty  due to the (1 - M  2) term brief ly  affected the 
model  predic t ion  around the throat  area, but  the model  
quickly recovered.  
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