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Abstract The present work examines the effect of utiliz-

ing different combustion models and chemical kinetics in

predicting the properties of gas and particle phases in a

hydrogen-fueled, dual-stage high-velocity oxy-fuel

(HVOF) thermal spray system. For this purpose, effects of

two combustion models, eddy dissipation concept (EDC)

and eddy dissipation model (EDM), on the temperature and

velocity fields in the system are studied. The computations

using EDC model are performed for detailed and reduced

chemical kinetics and for a range of mixture from lean to

rich. It is found that EDC with multi-step reaction mech-

anism predicts higher temperatures for the flow and particle

in the warm spray system. In contrast to EDC, the EDM

with one-step global reaction shows extra heat release

outside the HVOF barrel for rich mixtures which leads to

unphysical higher prediction of particle temperature. The

simulations using EDC model with detailed and reduced

chemical kinetics show some exothermic reactions in

converging-divergent nozzle of the system. The heat

release from these reactions has profound impacts on the

flow and particle temperatures and affects the gas dynamic

behavior of flow considerably. Finally, it is discussed that

moving toward rich mixtures is more reliable way to

control the particles temperature.

Keywords chemical kinetics � dual-stage high-velocity

oxy-fuel (HVOF) � eddy dissipation combustion model �
hydrogen fuel

Introduction

The application of high-velocity oxygen-fuel (HVOF)

thermal spray technique has been growing in the last two

decades in many industries such as aerospace, automotive,

oil and petrochemical, power generation, electronic, and

medical science due to its excellent coating performance.

Conventional single-stage HVOF systems are typically a

high-pressure combustion chamber followed by a con-

verging–diverging (C–D) nozzle. The system powered by

gaseous fuel (like hydrogen, propylene, propane, acetylene

and natural gas) or liquid fuel (like kerosene). In this sys-

tem, the injected particles are accelerated and heated

through a subsonic and then supersonic combusting gas

flow and hit the substrate, which is placed at around

200-400 mm from nozzle exit (Ref 1). In order to form a

dense, tough, uniform and high-quality layer of coating,

proper temperature and velocity at the impact moment

should be obtained (Ref 2). One negative point about

HVOF system is the fact that it has no powerful control

over the gas phase temperature and consequently the par-

ticle phase temperature. Furthermore, in HVOF system,

desirable change in temperature can cause an undesirable

change in other characteristics (e.g., velocity of particle

and oxygen content of flow) (Ref 3). These shortcomings

have more adverse impact on the phase-sensitive and

temperature-sensitive materials like titanium and copper.

Dual-stage high-velocity oxygen-fuel (HVOF) thermal

spray system, which is also called warm spray, was

developed to overcome the shortcomings (i.e., no powerful
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control over the gas and particle temperatures) of the sin-

gle-stage HVOF system (Ref 4). The principles of warm

spray are similar to HVOF process. As can be seen in

Fig. 1, a converging nozzle followed by a mixing chamber

is placed between combustion chamber and C–D nozzle. In

the mixing chamber, different mass flow rates of nitrogen

are added as coolant in order to dilute the hot gases. This

can be known as the powerful temperature regulator in

warm spray technique. Warm spray gun also has a barrel,

which joins to the C–D nozzle, and particles are introduced

to supersonic flow at barrel entrance. By such a design,

warm spray gun can provide us with particle temperatures

much lower than HVOF process, while the velocity of

particle will be comparable with HVOF (Ref 1).

The processes in the HVOF guns are very complex and

involve multi-phase turbulent flow, chemical reaction, heat

transfer and supersonic/subsonic flow transition (Ref 5).

Moreover, the influence of processing conditions on par-

ticle characteristics and coating quality is highly nonlinear

and might not be thoroughly revealed by experimental

studies (Ref 2). Hence, numerical techniques are effective

tools and can provide an insight into the underlying

momentum and heat transfer mechanisms (Ref 6, 7).

In the HVOF technology that is categorized as com-

bustion-assisted thermal spray system, the quality of

coating highly depends on the flame characteristics

including its temperature, location, shape and emissions

(Ref 8). Hence, in the numerical simulation of single- and

dual-stage HVOF process, our approach to combustion

modeling will be a determining factor. As it is reviewed by

Li et al. (Ref 2), different approaches have been used to

model the reaction rate in the literature, including: (1)

laminar finite reaction rate model with Arrhenius expres-

sion (e.g., Ref 9-14), (2) infinitely fast reaction rate or

chemical equilibrium (e.g., Ref 15-18) or frozen compo-

sition (Ref 5) at the domain and (3) finite reaction rate

limited by turbulent mixing or eddy dissipation combustion

model (EDM) (e.g., Ref 19-28).

By comparison between single-step and 12 steps reac-

tion mechanism, Hassan et al. (Ref 12) demonstrated that a

global single-step Arrhenius model adequately represents

the combustion of propylene. However, for such a simple

combustion model, adjustable model constants need to be

calibrated consistent with the physics of the problem (Ref

13). In addition, it is discussed by Poinsot and Veynante

(Ref 29) that usual Arrhenius kinetics model implicitly

assumes that the chemical time scales are larger than tur-

bulent time scale. Thus, this model does not have reason-

able accuracy in turbulent combustion application. That is

why reaction rate closures in turbulent combustion are

usually derived from physical analysis. In addition, Kamins

and Gu (Ref 23) studied propane combustion in a HVOF

thermal spray gun using three combustion models. They

concluded that the flow pattern predicted by laminar finite

reaction rate model could not be validated by experimental

data.

Dolatabadi et al. (Ref 19) stated that in the HVOF

thermal spray process, the rate of reaction is controlled by

the rate of turbulent mixing and thus, knowledge of accu-

rate Arrhenius rate data is not needed. Hence, they (Ref 19)

claimed that the EDM describes the combustion process in

HVOF gun adequately accurate. EDM is the most prevalent

combustion model, which is utilized in simulation of sin-

gle-stage HVOF and warm spray guns so far. However,

there are some concerns with the numerical modeling of

single-stage HVOF guns with EDM model. One of these is

an under-prediction of particle temperature and velocity at

the end of the computational domain in comparison with

experimental data (Ref 8, 19). Khan and Shamim (Ref 26)

utilized a single-step mechanism for propylene along with

EDM combustion model and an improved turbulence

model (i.e., RNG k–e) in order to validate the model

against the experimental data of single-stage HVOF.

Although the numerical results of particle velocity fit the

experimental data, the particle temperature at the impact

point is still much lower (around 400 K) than experimental

Fig. 1 Schematic diagram of a warm spray process (Ref 3)
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values. The difference between numerical and experimen-

tal results in Ref 19 and 26 was related to the exothermic

oxidation reaction between ambient air and particles which

was ignored by numerical simulations. However, the

weaknesses of models (i.e., combustion and turbulence

models) utilized in these simulations might be another

reason for this discrepancy between numerical and exper-

imental results.

Another concern in using EDM, which is introduced in

rich mixtures, is suspicious reaction between excessive

unburned fuel and the oxygen diffused from ambient air

into the core of jet flow outside of barrel (Ref 8, 27, 30).

This phenomenon leads to a drastic increase in gas tem-

perature and gives raise to particle temperature outside

gun. The effect of fuel/oxygen (F/O) ratio on the perfor-

mance of a dual-stage HVOF system was studied by Khan

and Shamim (Ref 27) utilized propylene fuel gas along

with EDM. Although the maximum gas temperature occurs

in the slightly rich mixture, the particle temperature at the

end of computational domain increases continuously as the

fuel/oxygen (F/O) ratio increases. This finding is justified

by exothermic reaction between unburned fuel and ambient

air (Ref 27). The same observations are reported by Cheng

et al. (Ref 18) for fuel-rich mixtures using an approximate

equilibrium chemistry model. Nonetheless, based on the

flow velocity, low concentration of fuel and oxygen, and

gas phase temperature, occurrence of combustion in this

region is very unlikely. Moreover, the experimental results

reported by Turunen et al. (Ref 31) for a single-stage

HVOF shows when the mixture is moving toward rich

region the particle temperature decreases.

For this reason in the present work, we take the

advantage of Eddy Dissipation Concept (EDC) (Ref 32) to

model the turbulent combustion in HVOF process. In

addition, to predict the reaction and heat release rate more

accurately, the effect of detailed chemical mechanism is

taken into account. Recently, Wang et al. (Ref 33) used a

non-premixed combustion model to study the effect of fuel

and oxygen inlet turbulent intensity, fuel droplet size and

the oxygen/fuel ratio on the combustion and flow behavior

in a kerosene-fueled single-stage HVOF gun. Unfortu-

nately, they did not analyze the effect of this combustion

model on the behavior of the particle phase. Therefore, it is

not possible to draw conclusions on how a non-premixed

combustion model can affect particle velocity and tem-

perature in comparison with experimental data.

Another aim of the present paper is related to type of the

fuel. While hydrogen is one of the most common fuels used

in industrial HVOF guns (Ref 34), there is no numerical

simulation in open literature to investigate the effect of

utilizing this fuel on the performance of single- or dual-

stage HVOF systems. Some experimental studies (Ref

31, 35) showed that using hydrogen fuel in a single-stage

HVOF typically results in greater velocity of the particle

comparing with propane and propylene gases. Despite

safety concerns about the usage of hydrogen, this gas has

the unique characteristics like high energy density, a wide

range of flammability limits and low emission, and free

from soot.

The above literature review shows that the absence of a

numerical investigation of hydrogen-fueled warm spray

gun is still conspicuous since commercial hydrogen-fueled

HVOF systems are so common; therefore, hydrogen can be

a potential fuel for warm spray process. Furthermore, since

EDM combustion model totally ignores the impact of

chemistry, the present work will consider the impacts of

chemical kinetics along with turbulent mixing by utilizing

eddy dissipation concept (EDC) model in order to enhance

numerical investigation of warm spray process and other

combustion-assisted thermal spray processes. In summary:

1. This paper provides equivalence between a propylene-

fueled warm spray system and a hydrogen-fueled one

by considering reactant flow rate and stoichiometric

ratio as variant parameters.

2. In the next stage, the results from EDC and EDM

combustion models for hydrogen-fueled HVOF system

are compared and a detailed discussion on necessity of

considering the impact of chemistry is done.

3. Using the EDC model, we further discuss the effect of

considering detailed and reduced chemical mecha-

nisms on the numerical results.

4. Finally, we analyze the activation of secondary

reactions inside the warm spray gun. In this section,

the validity of previously claimed combustion reac-

tions outside of the barrel due to diffusion of ambient

air into the core of flow is further studied.

Numerical Model Description

Numerical Method

In the current study, the Eulerian formulation is used to

solve the flow field and Lagrangian particle tracking

method is utilized to provide particle flow characteristics.

The particle phase is coupled with the gas phase, and the

impact of particle loads on the gas phase is considered. It is

revealed that the momentum and thermal impact of particle

phase on the gas phase should be considered, otherwise the

particle velocity and temperature will be calculated with

error regardless of the amount of particle loads (Ref 3).

The governing equations in the gas phase, consist of

compressible Favre (mass-weighted)-averaged form of

mass, momentum, energy and species balance equations.

The ideal gas equation of state couples the pressure and
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density. In the particle phase, Newton’s law governs the

motion of the particle in the gas flow field. In the absence

of Basset history term, gravitational force, thermophoresis

force and forces caused by pressure gradient, the dominant

force affecting the motion of the particle is the drag force

(Ref 2). For drag coefficients, particles are supposed to be

spherical. To investigate the effect of turbulent flow on

particle motion, the discrete random walk model (DRW) or

‘‘eddy lifetime’’ model is used (Ref 25, 36). It is also

showed that the Biot number of the particles is typically

less than 0.1 (Ref 17), so that the particle internal resistance

is ignored and the temperature gradient inside the particle

is assumed to be zero. Thus, the heat transfer equation

between a single particle and continuos gas phase is

reduced to a first-order ordinary differential equation

(ODE). The details of governing equations for gas and

particle phases can be found in Ref 3.

The CFD commercial code ANSYS Fluent 16.1 is uti-

lized to solve the governing equations. The solver performs

under 2-D, axisymmetric, double-precision, steady-state

and pressure-based conditions. The pressure and density

are connected using the ideal gas state equation. Semi-

Implicit Method for Pressure Linked Equations (SIMPLE)

algorithm (Ref 37) is employed to treat pressure–velocity

coupling. The second-order upwind discretization approach

is utilized for all equations in order to avoid numerical

diffusion.

Computational Domain and Boundary Conditions

The schematic diagram and the boundary conditions of a

warm spray gun are shown in Fig. 2. The computational

domain includes combustion chamber, converging nozzle,

mixing chamber, C–D nozzle, barrel and finally atmo-

sphere (where the substrate is located). A, B and C indicate

inlets for fuel-oxygen, nitrogen and particle, respectively.

All wall temperatures are fixed at 350 K, and the

entrance temperatures of fuel-oxygen, nitrogen and particle

are assumed to be 300 K (Ref 26). The ambient pressure is

also fixed at 1 atm. The particle diameter is 15 lm and

other particle properties such as heat capacity and density

are taken from Ref 26. Table 1 also presents the working

conditions of the warm spray.

Turbulence and Combustion Models

In the present work, the objective is to analyze the effect of

different combustion models on the flow feature and per-

formance of the system. Thus, in the following sections, we

discuss turbulence and combustion models exploited in the

present work.

Turbulence Model

The advanced Reynolds-stress turbulence model (RSM)

along with the non-equilibrium wall function treatment is

used to predict the turbulent eddy viscosity term that

appears in the averaged form of momentum equation. The

RSM closes the averaged Navier–Stokes equations by

solving transport equations for the Reynolds stresses,

together with an equation for the dissipation rate. This

means that five additional transport equations are required

in 2D flows (Ref 38). Since the RSM takes into account the

effects of streamline curvature, swirl, rotation, and rapid

changes in strain rate in a more rigorous manner than one-

equation and two-equation models, it has greater potential

to provide accurate predictions for complex flows (Ref 36).

RSM predicts the mixing of burnt hot gases and cold

nitrogen in the mixing chamber more accurately by aban-

doning the isotropic eddy viscosity hypothesis, which is

utilized in other RANS turbulence model (Ref 25). By

enforcing the wall y-plus between 30 and 300 in the current

Fig. 2 Schematic diagram and boundary conditions of a typical warm spray gun (Ref 3). All dimensions are in mm

Table 1 Operating conditions

Parameter Value

Fuel ? Oxygen mass flow rate 0.006740, kg/s

Nitrogen mass flow rate 0.008604, kg/s

Particle mass flow rate 0.00054, kg/s
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simulation, the non-equilibrium wall function treatment is

utilized in order to deal with near wall flow.

Combustion Model

In the present research, both eddy dissipation model

(EDM) and eddy dissipation concept (EDC) model are

utilized and the results from these two models are com-

pared and discussed. The EDM model developed by

Magnussen and Hjertager (Ref 39) is the most common

combustion model, which is utilized in previous study on

simulation of single- and dual-stage HVOF guns (e.g., Ref

19-28). In this model, it is assumed that the reaction rate

does not depend on chemical characteristics. Consequently,

the combustion rate is mostly controlled by the turbulent

characteristics of the flow filed. In other words, in the

premixed combustion, turbulent flow breaks down eddies

containing unburned gasses into smaller ones with enough

interfaces with hot gases to facilitate heat conduction and

molecular mixing. In the next step, the reactions are

completed at the mixing moment. In EDM, average con-

centration of species and the turbulent intensity in the flow

are the only parameters, which determine the reaction rate.

Therefore, the volumetric fuel consumption rate is given

by:

_x ¼ ��qA
e
k

� �
min ~YF;

~YO
SO

;
B~YP

1þ SO

� �
; ðEq 1Þ

where _x is the mean volumetric fuel consumption rate, and

YF, Yo, and Yp are the mass fraction of fuel, oxidizer and

products. SO= nOMO/nFMF, A and B are constants taken as

4 and 0.5, respectively (Ref 29). n and M represent number

of moles and molar mass, and subscripts O and F count for

Oxidant and Fuel. As it is discussed in the introduction

section, there are two concerns with utilizing EDM in

HVOF guns. Firstly, particle temperature provided by

numerical simulations is much lower than experimental

data; and secondly, some suspicious secondary combustion

reactions in the supersonic jet outside of barrel are reported

when using rich mixtures.

To overcome these shortcomings, new finite rate

chemistry combustion models, like EDC model (Ref 40) is

used here. This model can consider the effects of detailed

chemical kinetics in turbulent flow. The EDC has been

widely used for combustion modeling for a great variety of

premixed and diffusion controlled combustion problems

(Ref 41). In addition, the ability of finite rate EDC model in

simulation of high speed reactive turbulent flow has been

approved (Ref 42).

The EDC model assumes that the chemical reaction

occurs in the areas that the dissipation of turbulence energy

is considerably high. In turbulent flows, these areas are

placed in isolated, highly strained regions, occupying only

a small fraction of the flow. The length scales of these

regions are in comparison with Kolmogorov scale. These

regions, which are named fine structures, are responsible

for dissipation of turbulence into heat as well as mixing

between reactants in molecular scale (Ref 32). In the aspect

of numerical modeling, each computational cell is divided

into two sub-zones: (1) the reacting fine structure and (2)

the non-reacting bulk gas zone (surrounding fluid). The

interaction between the fine structure and the surrounding

fluid determines the overall mean combustion rate (Ref 41).

The species mass transfer between the fine structure and

surrounding fluid which is equal to species mean con-

sumption/production rate, _xk, which is obtained as (Ref

40):

_xk ¼ �q
c2v
s�

Y0
k � Y�

k

� �
; ðEq 2Þ

where �q is density, c is the length fraction of cell occupied

by fine structure, v is the fraction of fine structure where

reaction occurs, s* is the time scale for the mass transfer

between the fine structure and the surrounding fluid, and Yk
is the mass fraction of species k. The superscripts * and 0

denote fine structure and surrounding fluid quantities. s*
and c are calculated using the following equations (Ref 40):

s� ¼ CD2

3

� �1=2 m�

e

� �1=2

; ðEq 3Þ

c ¼ 3CD2

4C2
D1

� �1=4 m�e
k2

� �1=4

; ðEq 4Þ

where k is the turbulent kinetic energy, e is the dissipation

rate of turbulent kinetic energy, m is the kinematic viscosity

of the gas, and CD1 and CD2 are the model constant equal to

0.134 and 0.5, respectively (Ref 40). The mass fraction of

species k in the surrounding fluid, Y0
k , can be related to the

mass fraction of fine structure, Y�
k and the mean mass

fraction of computational cell, �Yk, as:

Y0
k ¼

�Yk � c3vY�
k

1� c3vð Þ : ðEq 5Þ

Gran and Magnussen (Ref 40) demonstrated that the

assumption v = 1 leaves the results almost unaltered.

To calculate the species mass fraction, Y�
k , the fine

structure is treated as an unsteady perfectly stirred reactor

(PSR) with constant pressure and enthalpy. In fact, the

effects of chemical kinetics are appeared implicitly in EDC

model when the mass fraction of species k in the fine

structure is taken into account. The set of governing

equations for the fine structure reactor is (Ref 40):
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dp�

dt
¼ 0; ðEq 6Þ

dh�

dt
¼ 0; ðEq 7Þ

dY�
k

dt
¼ _x�

k

�q
þ 1

s�
Y0
k � Y�

k

� �
; ðEq 8Þ

where _x�
k is the consumption/production rate of species k in

the fine structure reactor which is determined during the

chemistry calculations. The above set of ODE equations is

integrated over a time scale of s* which represents the

residence time inside the reactor.

In the present study, three different chemical kinetic

mechanisms for hydrogen–oxygen mixture, consist of 7-

step, 14-step and 21-step have been utilized in the EDC

simulations. These mechanisms are taken from Ref 42-44.

When using detailed chemical mechanisms along with

EDC model, _x�
k in Eq 8 is obtained by solving a stiff ODE

system. In the context of complex reacting flows, a large

number of computational cells and time steps are required.

This leads to an enormous amount of direct integrations of

ODEs. Thus, a significant portion of the total time is

dedicated to solving the kinetics equations. To overcome

this drawback, the In Situ Adaptive Tabulation (ISAT)

method, proposed by Pope (Ref 45) is used in the present

work. In this tabulation procedure, the table is constructed

during the simulation. The ISAT error tolerance which

should adjusted by user is studied here. Three different

thresholds (i.e., 10-3, 10-4 and 10-5) are examined as

ISAT error tolerance. Since the gas and particle phase

temperature diagrams are independent of the ISAT error

tolerance in this range, the 10-3 is considered to reduce the

computational cost.

It should be mentioned that using a multi-step reaction

mechanism with the EDM model leads to incorrect solu-

tions because multi-step reaction mechanisms are based on

Arrhenius rates, which differ for each reaction. In the

EDM, every reaction has the same, turbulent rate, and

therefore the model should be used only for one-step, or

two-step global reactions (Ref 36). Since the effect of

chemical kinetics is ignored by EDM, the effects of

intermediate species and dissociation reactions should be

considered in order to avoid the over-prediction of tem-

perature (Ref 15). To do this, a chemical equilibrium

program (Ref 46) was used and following global one-step

chemical equation was obtained for a stoichiometric

hydrogen–oxygen mixture:

H2 þ 0:5O2 ! 0:076H þ 0:173H2 þ 0:724H2O

þ 0:034Oþ 0:13OHþ 0:056O2

ðEq 9Þ

The above equation was obtained by minimizing the Gibbs

free energy of combustion products under constant

enthalpy and constant pressure. The pressure in the com-

bustion chamber of warm spray using stoichiometric mix-

ture is around 4 bars for the present operating conditions.

Under these constraints, the intermediate species in the

products composition remain unchanged, since any change

in product composition will violate the second law of

thermodynamics.

For hydrogen–oxygen mixture with other equivalence

ratios, the similar calculation procedure was adopted.

Grid Study

For the purpose of grid study the temperature and velocity

of gas phase for four different grids with 14,000, 55,000,

100,000, and 220,000 cells have been tested. For this

purpose, EDC and RSM closure models are considered

here. It is found that gas velocity is less sensitive to the grid

density than temperature. In addition, while there is con-

siderable difference between the gas phase temperature of

grids with 14,000, 55,000 and 100,000, the temperature

diagram of 220,000 cells fits the counterpart diagram of the

grid with 100,000 cells. Thus, grid with 100,000 cells has

been used for modeling the combustion-assisted process in

the warm spray gun.

Results and Discussion

Validation

Since there is no published experimental or numerical data

in the literature for the hydrogen-fueled warm spray gun,

for validation purpose we model a propylene-fueled warm

spray system introduced by Khan and Shamim (Ref 26)

using EDM combustion model and k–e RNG turbulence

model. The particle temperature and particle velocity

obtained in the current study compare with the results of

Ref 26 in Fig. 3. As it can be seen, a very good agreement

between the two results is achieved. Moreover, as it is

mentioned by Tabbara et al. (Ref 25), using an advanced

turbulence model such as RSM is preferred in numerical

simulations of the warm spray. With this choice, the model

can more realistically predict the mixing process of the

cooling nitrogen gas with the combustion products. Hence,

the results of EDM along with RSM model are included in

Fig. 3 to compare with results obtained from k–e RNG

model. Although the discrepancy is minor, one may con-

clude that compared to the RSM model, utilizing k–e RNG
model leads to a higher prediction of the particle temper-
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ature and lower prediction of the particle velocity. Since

compared to the k–e RNG model, the RSM is a superior

turbulence model, in the remainder of the paper result of

the RSM model are presented and discussed.

Comparison Between Hydrogen- and Propylene-

Fueled Warm Spray Systems

Figure 4 shows temperature and velocity profiles for gas

and particle phases along the centerline of the geometry

consider in Fig. 2, for one propylene-fueled and two

hydrogen-fueled systems. As it can be seen in Fig. 4(a), the

gas temperature in the combustion chamber increases due

to combustion process (around 3300 K for propylene case).

This high level of internal energy converts to kinetic

energy when the exhaust gases accelerate through the

converging and then C–D nozzles. In the C–D nozzle, the

flow accelerates and becomes supersonic. Therefore, the

flow experiences a drastic decline in pressure and tem-

perature. When the supersonic flow comes out of the barrel,

the diamond-like wave patterns with compression and

expansion waves form at downstream of the barrel exit

(Ref 47). This complicated structure causes the gas velocity

and temperature to undergo a series of fluctuations as seen

in Fig. 4. The gas dynamic behavior of the hot supersonic

jet produced by a conventional HVOF gun was studied in

detail using optical diagnostic techniques in work by

Hackett et al. (Ref 48).

As it is mentioned in Ref 1, the total pressure in the

mixing chamber is an important parameter determines the

gas dynamics behavior of flow in the C–D nozzle and

barrel. Thus, for comparison purpose, the mass flow rate of

reactant for hydrogen-fueled system is adjusted in order to

have a total pressure in the mixing chamber the same as

that for the propylene-fueled system. Although the reactant

mass flow rate of propylene-fueled case is 0.00874 kg/s

(Ref 26) by parametric study, it is conducted that the

hydrogen-fueled case with reactant mass flow rate of

0.00674 kg/s will provide the total pressure in the mixing

chamber similar to that of the propylene-fueled case when

the equivalence ratio is / = 1. It should be mentioned that

the turbulence and combustion models, mesh density,

Fig. 3 Comparison of (a) temperature and (b) velocity of the particle phase as a function of distance along the centerline obtained in the present

work against the numerical results of Ref 26

Fig. 4 Comparison of gas and particle temperature (a) and velocity (b) between propylene-fueled and hydrogen-fueled warm spray system. The

particles are injected at x = 157 mm
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equivalence ratio, /, and other computational elements are

the same for two fuel cases.

Figure 4(a) shows that for both cases with / = 1,

hydrogen gun provides gas phase and particle phase tem-

peratures to be 320 and 250 K higher than propylene-fu-

eled system. This issue can be justified by the fact that

hydrogen heat value per kilogram is much higher (around

three times) than propylene. In combustion chamber, the

temperature produced by hydrogen is 3600 K, while in

propylene-fueled system it is 3300 K.

Figure 4(b) shows the velocity variation along the cen-

terline for gas and particle phases for two systems. The

velocity of gas and particle phases of hydrogen case is

approximately 250 and 50 m/s higher than those for

propylene-fueled case, respectively. Despite the fact that

total pressure in the mixing chamber is the same for both

systems, lower density of exhaust gases resulted from

hydrogen combustion provided this higher velocity. The

issue of lower flue gas density in hydrogen case also

explains why 250 m/s higher gas phase velocity only

provides 50 m/s higher particle phase velocity. In fact,

higher flow density in propylene case increases the

momentum exchange between the gas and particle phases

and could roughly compensate the effect of 250 m/s lower

gas velocity, compared with hydrogen-fueled case.

Figure 4 also reveals that hydrogen fuel with / = 0.6

(dotted blue lines) provides particle temperature and

velocity the same as propylene case with / = 1 (solid back

lines). While using hydrogen, the same velocity and tem-

perature as propylene can be maintained if the equivalence

ratio is decreased. In ‘‘EDC model versus EDM’’ and

‘‘Detailed versus reduced chemical kinetics’’ sections, it

will be thoroughly discussed that for rich mixtures, while

an increase in equivalence ratio reduces the particle tem-

perature, it increases the particle velocity. Thus, one may

conclude that rich mixtures are more desirable than lean

mixtures to be considered for warm spray guns since for

coating of phase-sensitive and temperature-sensitive

materials like titanium lower temperature and higher

velocity is desirable.

EDC Model Versus EDM

In this section, we take the advantage of EDC combustion

model in order to investigate some previously observed and

reported phenomena in numerical studies of HVOF guns

(as discussed in introduction section). For this purpose, the

detailed H2-air chemical reaction mechanism containing 9

species and 21 steps (Ref 44) is utilized with the EDC

model in order to take into account the impact of chemistry

in a hydrogen-fueled warm spray system.

Figure 5(a) displays the temperatures of gas and particle

phases obtained from EDM and EDC computations for

both stoichiometric (/ = 1) and rich mixtures (/ = 1.4) for

the hydrogen-fueled system. Since EDM model with global

one-step reaction mechanism ignores elementary reactions

and chemical kinetic rates, it is usually expected that this

model over-predicts the combustion temperature in highly

turbulent regions (Ref 29). Accordingly, the results of

Fig. 5(a) show that gas temperature in the combustion

chamber and mixing chamber calculated by EDM theory is

around 300 K higher than EDC model (for / = 1). How-

ever, the temperature of gas in the C–D nozzle, barrel and

exit of barrel, and particle phase temperature obtained

using EDM model are lower than those of EDC model. In

fact, concurrently entering the C–D nozzle some elemen-

tary exothermic reactions, which are present in detailed

chemical mechanism of H2-air mixture, initiate and give

rise to temperature in this section. In other words, the

exothermic reactions which are mostly responsible for

producing water (especially: H2 ? OH ? H2O ? H) are

activated in this section and increase the gas phase tem-

perature significantly. This issue provides the gas phase

temperature of the EDC around 300 K higher than EDM in

the barrel.

According to Fig. 5(a), another noticeable difference

between results of EDM and EDC models is a considerable

increase in gas phase and consequently particle phase

temperatures for rich mixture (/ = 1.4) outside of barrel

(in atmospheric air) when utilizing EDM combustion

scheme. In EDM, gas phase temperature of rich mixture is

lower than stoichiometric mixture until around

x = 317 mm (60 mm outside of barrel). Slightly before

x = 317 mm, a sudden increase by 500 K in gas phase

temperature is observed. This increase in gas temperature

causes a rise in particle temperature with a slight delay and

results in crossing particle temperature of the stoichio-

metric mixture. This extra heat release is observed by many

researchers (Ref 8, 27, 30) who utilized turbulence limited

combustion models along with rich mixtures. This is jus-

tified by diffusion of ambient air into the core of supersonic

jet and burning of unburned fuels. However, flow velocity,

temperature in this region, and low concentration of fuel

makes this amount of heat release unlikely and unphysical.

On the other hand, EDC theory better controls these

reactions and provides more realistic results. As it can be

seen in Fig. 5(a), for EDC model, there is no extreme

increase in the gas temperature outside of barrel. Indeed, in

EDC model, the fact that gas temperature of rich mixture

(dashed blue line) crosses the stoichiometric mixture

(constant blue line) at x = 375 mm, confirms the presence

of some exothermic reactions outside of the barrel.

Nonetheless, this heat release is not as severe as EDM

predicts. In other words, the heat release outside of barrel is

minor, and neither the gas phase nor the particle phase is

affected by these reactions significantly. This issue also
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will be more discussed in ‘‘Detailed versus reduced

chemical kinetics’’ section.

Finally, we can conclude that EDM modeling of com-

bustion in warm spray under-predicts temperatures of the

gas and particle phases. By comparing the particle tem-

perature predicted by EDC and EDM models for stoi-

chiometric mixtures, we see that the particle temperature at

the end of the computational domain for EDC is 200 K

(i.e., 13%) higher than those of EDM. For gas phase

temperature, this difference is around 150 K (i.e., 16%).

The differences between EDM and EDC for rich mixture

(/ = 1.4) are approximately 50 K (i.e., 4%) and 300 K

(i.e., 30%) for particle and gas phase temperatures,

respectively. Regarding particle temperature, the difference

between EDM and EDC for rich mixture is small because

some unphysical reactions outside of barrel in EDM, give

rise to the temperatures of the gas and particle phases.

Thus, the particle temperature (dashed red line) from EDM

comes close to that of EDC (dashed blue line). It can be

concluded that the EDC theory better represents the nature

of problem in the HVOF system since previously utilized

turbulence limiting combustion models suffered lack of

accuracy by under predicting the particle temperature (Ref

8, 19, 26).

Figure 5(b) shows that for both stoichiometric and rich

mixtures, EDC model predict the gas velocity around

100 m/s higher than those of EDM in the barrel. EDC also

predicts the particle velocity around 40 m/s higher.

Another issue, which is evident in the results for both

temperature and velocity of gas phase, is the fact that in

EDM we have an over-expanded flow outside of the barrel.

This over-expansion is characterized by the existence of a

shock wave at the barrel exit, which features itself as a

reduction in velocity and an increase in temperature pro-

files (red lines) in Fig. 5. However, the EDC model pre-

sents an under-expanded flow in this section. This is

because the heat addition in the C–D nozzle in EDC model

delays the over-expansion of the flow, and even can result

in an under-expanded flow.

Detailed Versus Reduced Chemical Kinetics

In this section, the results of EDM with global one-step

reaction mechanism are compared with EDC model along

with 21-step detailed chemical kinetics (Ref 44) and two

reduced chemical kinetics for hydrogen–oxygen mixture.

The first reduced reaction mechanism involves seven spe-

cies and seven reversible reactions. This mechanism

includes the species H2, O2, H2O, O, OH, H, and N2 (Ref

42). The second reduced reaction mechanism contains nine

species and fourteen elementary reactions (Ref 43). In fact,

both 21-step (Ref 44) and 14-step mechanisms (Ref 43)

consider two more species, HO2 and H2O2. The main

objective in this section is to compare the capability of the

two reduced mechanisms with the detailed one in predict-

ing the flow feature in a hydrogen-fueled system. In fact,

the computational cost of utilizing detailed kinetics like Li

et al. (Ref 44) is very high, and the necessity of using such

a detailed kinetics should be examined.

Figure 6(a) shows the maximum particle temperature in

different equivalence ratios for EDM and EDC models

with three chemical mechanisms. As explained before, it is

seen that EDM model fails to predict the decreasing trend

the particle temperature in the rich mixtures and an

increasing trend is observed for equivalence ratios greater

than 1.4. For EDC model, the three chemical mechanisms

predict almost similar behavior for maximum particle

temperature as a function of equivalence ratio. However,

the equivalent ratios which the maximum temperature is

highest, are different for three mechanisms. For 7-step and

14-step this occurs at / = 1, while for 21-step this occurs at

/ = 1.2.

Although EDM predicts the increasing trend of the

maximum particle temperature until / = 1, it cannot

Fig. 5 The impact of EDM and EDC modeling of combustion in a hydrogen-fueled warm spray system on gas and particle (a) temperature and

(b) velocity
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predict accurately the decreasing trend of maximum tem-

perature for higher equivalence ratios. In addition, even for

lean mixtures, the maximum particle temperature predicted

by EDM is about 17% lower than that of EDC model.

The results of 21-step mechanism are in good agreement

with the experimental results of Turunen et al. (Ref 31)

running the single-stage HVOF with hydrogen fuel. They

reported that the highest temperature was obtained by using

the equivalence ratio slightly above 1.2. Although all three

mechanisms lead to decrease in particle maximum tem-

perature for mixtures richer than 1.2, the intensity of this

reduction varies for different mechanisms.

Figure 6(b) describes the maximum particle velocity of

EDM and EDC with three different mechanisms as a

function of equivalence ratio, /. It is seen that the maxi-

mum velocity of particle in both EDM and EDC simulation

increases as the / increases. However, the particle velocity

predicted in EDM model is about 30 m/s (i.e., 5%) lower

than those predicted using all three EDC cases. In addition,

it is seen that the velocity diagrams of all three mechanisms

overlaps, especially for /[ 0.8. This shows that different

mechanisms predict different maximum particle tempera-

ture, while they predict almost similar maximum velocities

for particle phase.

One valuable conclusion which can be derived from

Fig. 6 is the fact that, by moving to rich mixtures the

temperature of particles decreases, while their velocity

increases. Both of these characteristics (lower temperature

and higher velocity) are highly desirable in warm spray

technology (Ref 1). This issue has high order of signifi-

cance since it shows that moving toward rich mixtures is

not only a way of controlling (lowering) the particle tem-

perature but also is more advantageous than moving toward

lean mixture because utilizing lean mixture will reduce

both particle velocity and temperature. This conclusion is

against those who utilized EDM turbulence limited

combustion models in their research. Khan and Shamim

(Ref 27) used EDM in a dual-stage HVOF system, and

concluded that increase in equivalence ratio will result in

increase in particle temperature. Shamim et al. (Ref 8) and

Baik and Kim (Ref 30) utilized EDM in modeling of sin-

gle-stage HVOF gun. They also reported increase in par-

ticle temperature while using rich mixtures.

Another significant point which should be emphasized

in this section is the fact that EDC with the multi-step

reaction mechanism was successful in providing higher

particle temperature and velocity. To the best of our

knowledge, there is no experimental data in the literature

on the hydrogen-fueled warm spray technology to com-

ment on the validation of these findings. However, Shamim

et al. (Ref 8), Dolatabadi et al. (Ref 19), and Khan and

Shamim (Ref 26) failed in fitting the experimental data

from a single-stage, propylene-fueled HVOF system. The

findings of this section implicitly prove that EDC along

with multi-step reaction mechanisms and RSM turbulence

model better presents the nature of process in the HVOF

gun.

Nonetheless, from the results given in ‘‘EDC model

versus EDM’’ and ‘‘Detailed versus reduced chemical

kinetics’’ sections, one may conclude that EDM has a

reasonable capability in predicting the temperature and

velocity fields in the HVOF system in lean mixtures (about

5 and 17% under-prediction for velocity and temperature

compared to the EDC model). However, the conventional

HVOF systems usually run with slightly rich mixture to

avoid oxidation of inflight particles (Ref 11). Although the

EDM fails to predict the increasing trend of the particle

maximum temperature for rich mixtures, due to lower

computational cost and easier convergence, it can be a

preferred model to parametric studies in a limited range of

equivalence ratios as the qualitative trend is correctly

predicted.

Fig. 6 Maximum particle temperature (a) and velocity (b) for EDM and EDC along with three distinct kinetics in different equivalence ratios for

hydrogen–oxygen mixture. The particles are injected at x = 157 mm
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Heat of Reaction for EDC and EDM Models

In this section, the amount of heat release at different

sections of the warm spray gun is discussed. Figure 7

shows the amount of heat release of slightly rich mixture

(/ = 1.2) on the centerline for EDC along with three

mechanisms and also EDM model at different sections.

Figure 7(a) shows the heat release with focus on the range

of x = 70 mm to x = 180 mm. This range covers the

mixing chamber, the C–D nozzle, and beginning part of

the barrel. All EDC simulations reveal the presence of

some exothermic reactions, which are initiated entering

C–D nozzle and reach to their pick near the throat of

nozzle. However, the EDM combustion model with the

global one-step reaction mechanism completely ignores

the exothermic reactions throughout the region and thus

cannot predict the heat of reaction accurately. Since the

EDM is a turbulence limited combustion model, most of

the heat release in EDM simulation occurs at the begin-

ning of the combustion chamber where the premixed

hydrogen–oxygen mixture enters the computational

domain (note that the oxy-fuel mixture enters at 3 mm

above the centerline). In fact, EDM model produces

locally high temperature at oxy-fuel entrance section. On

the other hand, EDC model takes into account the impact

of chemical kinetics, and mixing is not the only parame-

ter, which controls the rate of combustion and heat release

in the combustion chamber. Therefore, it is expected that

for all mechanisms (7-step, 14-step, and 21-step) heat

release be distributed (not evenly) in all region of the

combustion chamber.

Figure 7(b) depicts the heat of reaction for EDC and

EDM models in the region between x = 300 mm and

x = 350 mm which is outside of the barrel. This fig-

ure shows that all the three chemical kinetics of EDC

model produce no significant heat of reactions outside of

the barrel, while EDM model shows significant amount of

heat being released in this section. In fact, there are two

shortcomings with EDM model. First, this model over-

predicts the reaction rate in highly strained regions where

e=k ratio is high (mixing time scale is low) (Ref 29), and

this can cause artificial flame to be observed. Second, this

model predicts similar reaction rate at regions with similar

species concentration and turbulence level but different

temperatures. These weaknesses cause the artificial heat

release to be observed outside of the barrel. In fact, high

speed of flow, low concentration of fuel and oxygen and

low temperature prevent this large amount of exothermic

combustion reactions.

Figure 8 depicts the kinetic rate of 7 reactions, which

are involved in 7-step mechanism (Ref 42) in order to

discuss the issue of heat release through C–D nozzle in

EDC model. The reason why the 7-step reaction mecha-

nism has been used is that investigation and comparison

between the behaviors of kinetics with high number of

elementary reactions is a little bit confusing especially if all

of the reactions are plotted on one graph. As it can be seen

in Fig. 8, the exothermic reactions which are responsible

Fig. 7 Amount of heat release on the centerline for the slightly rich mixture with / = 1.2, (a) for region between x = 70 mm to x = 180 mm and

(b) for region between x = 300 mm to x = 350 mm

Fig. 8 Rate of different elementary reactions of 7-step mechanism on

the centerline

J Therm Spray Tech (2019) 28:333–345 343

123



for producing H2O (reactions number 3, 5 and 6) are

activated at this section. Especially, reaction number 3

(OH ? H2 = H2O ? H) has a giant increase at this sec-

tion. These chain terminating reactions are responsible for

the heat release in middle of C–D nozzle (see Fig. 7a)

which is discussed previously.

Conclusions

Taking advantage of EDC combustion theory along with

detailed and reduced reaction mechanisms and RSM tur-

bulence model, the physics underlying the warm spray

process and combustion-related underlying factors has

been investigated. The findings of this research can be

considered both as a response to previously raised concerns

regarding the effectiveness of numerical modeling in the

single- and dual-stage HVOF guns and an efficient tool for

improving the accuracy of future researches. These find-

ings are as follows:

• The impact of chemistry of combustion should be

considered for accurate estimation of particle temper-

ature. Ignoring the chemistry will lead to dissemble the

exothermic reactions in the C–D nozzle and cause

underestimation of gas and particle temperatures.

• Heat addition to the flow by exothermic reactions will

delay the over-expansion and even cause the under

expansion of gas at the barrel exit.

• EDC reveals that by moving to rich mixtures the

temperature decreases while the velocity increases and

both of characteristics (lower temperature and higher

velocity) are desirable for coating of phase-sensitive

and temperature-sensitive materials like titanium.

• While the nature of considering chemistry of combus-

tion affects the particle temperature, the velocity of

particle is almost independent of the kind of multi-step

mechanism which has been used in EDC model.

• While EDM shows drastic increase in the gas and

particle temperatures outside of barrel when rich

mixture is used, EDC theory does not show significant

heat release outside of barrel. Thus, the gas and the

particle temperatures are not affected by such sec-

ondary reactions.
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