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Abstract 

Microstructured and nanostructured WC-CO composite coatings can be deposited 
by HVOF starting from commercial composite powders. However, the reduction 
in powder size of the ceramic reinforcement is responsible for a significant 
increase of WC reactivity, enhancing the decarburation phenomena taking place 
within the spraying torch, and potentially affecting the mechanical and 
tribological properties of the deposited coatings. In order to limit the thermal 
degradation of the reinforcement, it is therefore necessary to strictly control the 
main combustion parameters of the torch, such as composition, velocity and 
temperature of the combustion gases. Using a CFD code, thenno-chemical and 
gas-dynamic properties of the gas flow within an HVOF JP-5000 (Hobart Tafa 
Inc.) torch were simulated. Results of the simulation were used to reconstruct the 
thermo-chemical history of the powders during their residence in the gas stream. 

1 Introduction 

HVOF (High-Velocity Oxygen Fuel) is a thermal spray deposition process 
developed to produce dense, adherent and virtually defect-free coatings with 
high reproducibility at competitive cost [l]. A mixture of oxygen and he1 is 
continuously fed and combusted in the spraying torch, whose converging- 
diverging nozzle is designed to produce extremely high gas and particles 
velocities. The temperature attained by the particles in the combustion flame is 
relatively low, if compared to other thermal spray processes, such as plasma 
spray. 
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72 Surface Treatment VI 

The combination of high velocity and low temperature allows to deposit coatings 
characterized by good cohesion and adhesion with the substrate, while reducing 
in principle of thermal degradation andtor oxidation of the particles. 
Composite WC-CO coatings for wear resistant applications are typically 
deposited by HVOF [2]. Improved performance (higher surface hardness and 
better tribological properties) can be expected from the use of nanocrystalline 
coatings [3-51. However, due to the higher reactivity and grain growth sensitivity 
of nanostructured ceramic reinforcements, the exposure to high temperature 
oxidizing flames must be minimized, while guaranteeing the formation of dense 
and homogeneous deposits [6]. A strict control of the main combustion 
parameters, and the ability of predicting composition, velocity and temperature 
of the combustion gases and of the particles within the jet is therefore of the 
utmost importance. 
In the last years, several papers were dedicated to the simulation of HVOF 
processes using computational fluo-dynamical models (CFD) [7-101. The present 
paper investigates the properties of gases and powders in a liquid fuel 
commercial HVOF Hobart Tafa JP-5000 gun, with the final aim of optimizing 
the spraying conditions for a nanostructured WC-1 5% CO composite powder. 

2 Experimental methods 

2.1 Materials and equipments 

The spraying equipment used for the experimental campaigns in the present 
work is a liquid fuel JP-5000 Hobart-Tafa HVOF apparatus, burning a kerosene- 
oxygen mixture. The torch, essentially consisting of a kerosene injector, a 
combustion chamber and a convergent-divergent de Lava1 nozzle, is described in 
more details in the following paragraphs. All components are made of copper 
and water-cooled. A copper barrel is positioned at the end of the torch. 
Standard operating conditions for the deposition of wear resistant WC-CO 
coatings were simulated in the present investigation. Oxygen mass flow was 
fixed at 2000 scfh (0.02125 kgls); kerosene mass flow was set at 6.0 gph 
(0.00576 kgls), 6.5 gph (0.00625 kgls, stoichiometric conditions) and 7.0 gph 
(0.00679 kg/s). Barrels of different length (4", 8" and 12") were used to control 
the gas and particles flow at the exit of the torch. 
Nanostructured WC- 15% wt. CO powders (Nanocarba, Union Miniere, NJ, USA) 
with a gaussian size distribution (average size 47 pm, 60% of the powders E 30- 
60 pm, as characterized by laser granulometry Walvem Mastersizer)) were used 
as feedstock material. Pressure and mass flow rate were of argon carrier gas were 
446062 Pa and 10 Vmin, respectively. Feed rate of the powders was 76 g/min. 

2.2 Computational model 

In order to solve the integral equations of momentum, energy and mass flow 
conservation and the auxiliary scalar equations describing turbulence, chemical 
reactions, species transport, etc., the 2D and 3D geometrical domains were 
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Surface Treatment V1 73 

divided in finite discrete control volumes defining computational grids. The 
geometrical models and the reference grids were generated using a commercial 
pre-processor software (GAMBIT 1.3 [Fluent Inc. USA]), while all numerical 
simulations were carried out implementing the FLUENT 5.4.8 solver [Fluent Inc. 
USA] on a standard PC station. 
The three basic equations of continuity (momentum, mass flow and energy) were 
solved using a segregated method allowing to iteratively integrate only one 
single equation for each finite volume over all the computational domain. The 
solution convergence of the analytical system was monitored by controlling 
normalized residuals. All solutions presented in this paper have residual values 
lower than 10" for mass flow and momentum equations and lower than 10-l0 for 
energy equation of continuity and for all other scalar equations. 

Gas-dynamical model 

The SIMPLE algorithm (Semi-Implicit-Method for Pressure-Linked Equations) 
[l  l ]  was used to estimate the values of pressure and mass flow values on the 
faces of the individual cells starting from the central values of two adjacent cells. 
The k-E model [l51 (k representing the turbulent kinetic energy and E its 
dissipation rate) was used to describe complete turbulence. Turbulent velocity 
and eddies scale length can be calculated solving two different transport 
equations: 

where p is the fluid density, p and p, are viscosity and turbolent viscosity, Gk is 
the rate of generation of k caused by the average flow velocity, YMrepresents the 
dissipation caused by flow compressibilty, C,,, C2& and Cj, are empyrical 
constants and ok and a, are Prandtl numbers for k and E. 

Turbuent flows are influenced by the presence of walls. The flow field beside the 
wall was described as the sum of a viscous substrate (high molecular viscosity, 
laminar conditions), a transition layer (molecular and turbulent viscosity have the 
same order of magnitude) and a turbulent layer (high turbulence caused by high 
velocity gradient) [12]. "Non equilibrium wall function" [l31 can model the 
viscous substrate and the transition layer using modified Launder & Spalding 
functions in order to account for the high velocity and pressure gradients and for 
heat exchange. 

Chemistry model 

In HVOF torches the combustion rate is much faster than turbulent dynamics. A 
Finite rate chemistry [l41 model can be employed to solve the transport 
equations for reagents and products. In order to minimize the need for 
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74 Surface Treatment VI 

computational resources, chemical equilibrium is assumed at all times, and the 
reaction rates are evaluated by Eddy Dissipation Concept (EDC) [15], a general 
method used to analyse the influence of turbulence phenomena on the chemistry 
of combustion flames. 
Inside the combustion chamber, temperatures can be higher than 2000 K, and to 
obtain the correct adiabatic flame temperature it is therefore necessary to account 
for the dissociation of the products. Equilibrium stoichiometric coefficients of 
molecular and dissociated species were calculated at the experimental pressure 
(about 8 bar) using a commercial monodimensional chemical code (GASeq: 
chemical equilibria for perfect gases, (free available software, release 0.63). For 
6.5 gph of kerosene they can be resumed by the following reaction: 

The local mass fractions of individual species were computed by solving scalar 
convection-diffusion equations. The reaction kinetic constant in the trasport 
equations was evaluated by EDC. Transport equations were solved for all 
individual components; thermal properties of the mixture were calculated, for 
each temperature, according to the law of mixtures. 

Particles modeling 

The presence of a discrete phase in the form of solid spherical particles 
characterized by a known size distribution was also simulated in a Lagrange 
reference using the FLUENT solver. The trajectories of the particles and their 
thermo-chemical interaction with the turbulent combustion stream was modeled 
in the hypothesis of negligible interaction among the particles (diluted solid 
phase). Calculations were based on the fundamental equations of force balance, 
convective and radiative heat exchange and mass tranfer for the individual 
particles. 

2.3 Computational domain, grid geometry and boundary conditions 

In Figure 1 the geometrical model of the combustion chamber and adjacent 
elements is described. The model was reconstructed by disassembling, sectioning 
and measuring all torch components. Four main parts can be identified: kerosene 
injector, combustor, de Lava1 nozzle and feed pipe. The kerosene flow enters the 
torch trough a 1.3 mm diameter duct, and is atomized by the oxygen stream 
entering from a coaxial pipe (2.0 mm internal diameter, 5.6 mm external 
diameter). The total number of cells in the grid is 14085: cells spacing was 
design to optimize the simulation of the most important physico-chemical 
phenomena, such as heating exchange on the walls, chemical reactions between 
the species, supersonic transition, etc.. 
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Surface Treatment V1 75 

Figure 1: Geometrical model of kerosene injector, combustion 
chamber, de Lava1 nozzle and feed pipe 

Temperature of the solid walls was fixed at 58OC, on the basis of the results of 
temperature measurements of the cooling water out the torch. The flow field was 
initialized with a 200 m/s velocity and a 2000 K temperature. 
Figure 2 shows the grid used to reconstruct the flow field in the external domain 
inthe case of the 4"barrel. 

9 .  

Figure 2: 2-dimensional geometrical reconstruction 
of the 4" barrel (bottom part of the chart) and of the 
external flow field. 

Geometrical boundaries were positioned at a large distance from the exit zone of 
exhaust gases, in order to reconstruct the real conditions without deforming the 
external flow field. Total number of cells is 24984 for the 12" barrel, 22457 for 
the 8" barrel and 20531 for the 4" barrel. Initial conditions were calculated from 
the results of the simulation of the adjacent feed pipe at 6.5 gph. The external air 
pressure was fixed at 101325 Pa, and the external temperature at 300 K. 
Temperature of the copper walls of the 4", 8" and 12" barrels were as 59, 63 and 
67 "C, respectively. The solution was initialized applying to the whole 
computational domain an initial velocity of 1000 m/s and a temperature of 300K. 
To avoid solution divergency, the simulation of chemical reactions in the first 
iterative steps is avoided, and the problem is initially approached using a cold 
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76 Surface Treatment VI 

flow strategy: the simulation of the flow reactivity is introduced as a further step 
when residuals are stabilized. 
The two powders injectors are inserted at the end of the feed pipe: to reconstruct 
the particles behaviour in the barrels, a 3-dimensional grid formed by tetrahedral 
elements was designed, characterized by two planes of symmetry (Figure 3). 
Flow conditions calculated for the combustion chamber outlet at 6.5 gph were 
used at the barrel inlet. Particles enter through the injectors, transported by a 
flow of argon carrier gas (446062 Pa, 10 Vmin). The total number of tetrahedral 
cells is 27000 for the 4" barrel, 41000 for the 8" barrel and 55000 for the 12" 
barrel. Initial temperature of the jet is 1500 K, and initial velocity is 1500 d s .  

Figure 3: 3-dimensional geometrical recontruction 
(tetrahedral elements) of the feed pipe and barrel (quarter) 
and of one of the powders injectors (half). 

3 Results and discussion 

3.1 Combustion chamber 

Figure 4a shows the static temperature profile along the torch centerline, for 
three different compositions of the mixture. The model takes into account the 
dissociation of combustion products. Calculated peak temperatures are 3287 K 
(6.0 gph), 3207 K (6.5 gph) and 3120 K (7.0 gph), slightly lower than those 
calculated by GASeq for chemical equilibrium, taking into account that the 
system is not adiabatic: the calculated dissipated power for the cooling of the 
combustor is 48.7 kW at 6.5 gph. Results are confirmed by experimental 
evidence. The average value of static temperature calculated on the section 
positioned at the end of the combustion chamber is 2435 K (6.5 gph): 
combustion is not completed within the combustor, due to low turbulence and 
low injector efficiency. The higher turbulence in the de Lava1 nozzle finally 
allows the reaction to reach the thermodynamical equilibrium. 
The static pressure profile along the centerline axis is shown in Figure 4b. Steady 
state combustion is an isobaric process, and the pressure in the chamber is 
therefore only correlated with the total mass flow of the gases inside the torch. 
Experimental measurements confirm a static pressure of 825300 Pa at 6.5 gph at 
the chamber inlet. 
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Figure 4: Static temperature and static pressure profiles 
along the torch centerline, for three different compositions 
of the mixture (kerosene flow rates of 6.0, 6.5 and 7.0 gph). 

An increase of the mass flow of the reactant species corresponds to an increase 
of the pressure and, consequently, of the kinetic energy of the gas at the exit of 
the nozzle. Figure 5 illustrates the variation of the gas velocity along the torch 
axis as a function of kerosene mass flow. The sudden decrease of gas velocity at 
the end of the divergent corresponds to the connection between the divergent and 
the feeder: the presence of a sharp edge (6") generates an abrupt change in the 
direction of the flow, with the production a zone of high turbulence. The highest 
velocity calculated in the streamline is 1856 m/s (for 7.0 gph). 
In Table 1 the average values of the main gasdynamical properties of the flow in 
three important sections of the torch are resumed for the three mixture 
compositions. 

3.2 Barrel and external flow field 

The barrel is a constant section copper pipe where a compressible reactive 
mixture flows, exchanges heat and interacts with the walls. Surface roughness 
induces local modifications of gas velocity and, consequently of temperature and 
pressure. The friction effect (Fanno) stabilizes the flow in sonic conditions; the 
velocity magnitude at the barrel inlet is about Mach 2 (supersonic) and the Fanno 
effect leads to a reconversion of kinetic energy into pressure enthalpy, with a 
decrease of velocity and the formation of a boundary layer that reduces the 
effective barrel cross-section. 
In a duct with ideal smooth walls, a supersonic stream is decelerated when 
heated by an external source and accelerated when cooled (Raleigh flow). In the 
barrel, Fanno and Raleigh flows give opposite effects: the roughness of the walls 
decreases the velocity and increases temperature and pressure while the water 
cooling of the walls increases the velocity of the jet reducing its temperature and 
pressure. The temperature decreases along the barrel (see Figure 6a) because the 
recombination of the dissociated species and the Fanno effect do not produce a 
sufficient amount of heat to contrast the Raleigh effect. 
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78 Surface Treatment VI 

Figure 5: Gas velocity profile along the torch centerline 
(kerosene flow rates of 6.0,6.5 and 7.0 gph). 

Table 1: Average values of the main properties of the gas 
flow in three sections of the torch for three mixture 
compositions. 

. 4 t", (A, . ( 2 "  (8) 2 009*03 . ... ' 4 m. 141 180e+03 

82" (C) 
. 8 m. (B) 

I 8 0 ~ 0 3  K.?*\, "'" lC1 1.60e+03 

1 SOa03 - 1 408103 - 

1 4OBt03 - 
I 20e+03 - 

'.. @I.: I We+03 
Static r 20e+03 - 

Temperature 
Vel.ocity 

*: (Cl '. Magn~tude 6.we+O2 
(K) 1 W a 0 3  

(A) '.., ".. 
(m's) 6.Wet02 - 

8 We+02 .. '. 4.WBX12 - 

6.WaOZ 
.._ '.'. .. I .  '. . . . , .". . . . , . 2.00er02 

1008+02 1 

....._ 
o.ooe+w 

0 <W 200 300 4 0  500 MO 7W 800 0 

Position (mm) 

Static pressure (Pa) 

, . ,  , , , , 
1W 200 %X 400 5W MO 700 800 

Position (mm) 

Figure 6: Static temperature (a) and velocity (b) profiles of 
the gas along the barrel and in the external field (barrel 
length of 4"(A), 8"(B) and 12"(C)). 

Combustor outlet 
839581 (6.0 gph) 
873491 (6.5 gph) 

Divergent outlet 
108501 (6.0 gph) 
113395 (6.5 gph) 

Outlet 
114299 (6.0 gph) 
119346 (6.5 gph) 

                                                             Transactions on Engineering Sciences vol 39, © 2003 WIT Press, www.witpress.com, ISSN 1743-3533 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
 
 
                                                                                  
 
                                                                      
 
                                                                                  
 
 
 
 
 
 

                            
                                                                                  
                                                                                  
                                                                                  
 
 

 
                                                                                                                                         
                                                        

 
                   

 
 
 



Surface Treatment V1 79 

A surface roughness Ra of 0.004 mm was selected for the present simulation. The 
dissipated power used to cool the barrel was calculated with a maximum relative 
error of about 5%. 
The results of the simulation of the stream velocity (Figure 6b) show a decrease 
of the gas velocity towards the exit for all barrel lengths: it is therefore evident 
that the Fanno effect has a stronger influence on velocity than the Raleigh effect. 
However Fanno and Raleigh phenomena are not linear and it is not possible to 
compute a linear combination of the two effects. 
The JP-5000 nozzle, in the operating conditions, is underexpanded and the static 
pressure rising from the divergent exit is higher than the atmospheric pressure. 
Figure 7 shows the absolute static pressure calculated at the domain centerline as 
a function of axial distance. Sudden pressure changes, characteristic of HVOF 
conditions, are formed as a consequence of the interaction of the oblique shock 
waves originated at the barrel exit, with the emission of visible light and are 
known as "shock diamonds". 
The variation of the atomic oxygen mass fraction along the jet centerline for the 
4" barrel is also illustrated inFigure 8, as a particular example. 
In Table 2 the average values of the main properties of the flow in the barrel are 
resumed for the three barrel lengths. 

Figure 7: Variation of the static pressure along the jet 
centerline (barrel length of 4"(A), 8"(B) and 12"(C)); 
sudden pressure changes correspond to the formation of 
"shock diamonds". 
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80 Surface Treatment VI 

Figure 8: Variation of the atomic oxygen mass fraction 
along the jet centerline for a 4" barrel. 

Table 2: Average values of the main properties of the gas in 
barrels of different length 

3.3 Powders 

Total heat dissipation (W) 
Static pressure (Pa) 
Axial velocity (mh) 
Mach number 
Static temperature (K) 

The distributions of temperature and velocity of the powders were calculated in 
the combustor+nozzle section, in the barrel and at the exit of the torch. 
Axial values of velocity and temperature in the barrel and in the external field are 
summarized in Figure 9 for the three different barrel lengths. The final sections 
of the barrels (4", 8" and 12") are indicated in the plots as dotted grey lines. The 
figure gives important indications about the selection of the best barrel to be used 
for a given spraying distance: optimal spraying conditions, identified by the 
maximum temperature and velocity of the particles compatible with the integrity 
of the substrate, can be identified, in the present case, as a spraying distance of 
about 300-400 mm from the exit of the barrel with a barrel length of 8 inches. 
Finally, the simulation of particles traces coloured by particles temperature is 
illustrated in Figure 10 for a total distance from the initial section of the 12" 
barrel of 150 cm. The combination of temperature and trajectories spreading data 
is of fundamental importance for the evaluation of the deposition efficiency of 
the powders for substrates located at various distances from the torch. 

4" barrel 
-12157 
124998 

1483 
1.702 
1782 

8" barrel 
-21522 
131096 

1351 
1.586 
1699 

12" bare1 
-30382 
135498 
1230 
1.478 
1617 
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Surface Treatment V1 8 l 

Figure 91: Simulation of the average particles axial velocity 
(a) and temperature (b) as a function of the distance from 
the initial section of the barrel for three different barrel 
lengths. 

Figure 10: Simulation of the particles temperature and 
trajectories at the 12" barrel exit. 

4 Conclusions 

The computational modeling of the complex phenomena that take place in a high 
velocity oxygen-kerosene spraying torch was approached by assuming simplified 
physical and chemical conditions for the combustion flame and for the solid 
particles in the torch and in the external field. Results of the simulation appear 
consistent with a number control parameters that were monitored during 
spraying, such as the power disperded for water-cooling of the torch. 
Calculated properties of the powders (mainly in terms of temperature and 
velocity) and of the gas (composition of the mixture) were used to confirm the 
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82 Surface Treatment VI 

selection of the best operating conditions for the deposition of conventional and 
nanostructured WC-CO coatings, requiring the use of the lowest temperature and 
the highest velocity of the particles (to guarantee limited growth of the nano- 
grain and low decarburation of the reinforcement) compatible with the built up 
of a coherent coating endowed with sufficient adhesion to the substrate and, 
possibly, with an adequate deposition efficiency [6]. The optimal compromise 
for WC-CO composite particles is represented by the use of an 8" barrel, 
allowing particles velocities of 572 m/s with a maximum temperature of 1568 K, 
and by a spraying distance of about 200-300 mm from the final section of the 
barrel. 
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