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Abstract Suspension high velocity oxy-fuel thermal spray

typically utilizes axial injections of suspension into the

combustion chamber. There are certain cases where the

oxygen-sensitive nanoparticles benefit from a reduction in

the time and temperature spent in the gas flow. Therefore, a

radial injection outside of the nozzle can enable deposition

of oxygen-sensitive nanomaterials. This study investigated

the effect of the suspension flow rate, angle of injection and

the injector diameter on the in-flight particle conditions.

The combustion reaction is modeled using the eddy dissi-

pation concept model with a robust reaction mechanism

and compared to the current approach within the literature.

This approach has not been employed within SHVOF

thermal spray and provides a robust treatment of the

reaction mechanisms. The suspension was modeled using a

two-way coupled discrete particle model. Experimental

observations were obtained using high-speed imaging, and

observations of the liquid jet were compared to the

numerical values.

Keywords combustion modeling � high-speed imaging �
HVSFS � radial injection � SHVOF � supersonic crossflow �
suspension thermal spray

List of Symbols

Cs Time scale constant = 0.4082

Cn Volume fraction constant = 2.1377

rAB Error introduced from the removal of species B onto

Species A

VA,i Stoichiometric coefficient of species A in the ith

reaction

xi Reaction rate of the ith reaction

Yi
* Fine-scale mass fraction

s* Reaction time scale

Y Vapour mass fraction

We Weber number

dBi Delta function, value 1 if reaction contains species B

n* Length fraction of fine scales

Subscript

d Particle diameter

g Gas

l Liquid

p Particle

s Value at droplet surface

Al2O3 Aluminium oxide

Introduction

Surface engineering is a field of study that looks to alter the

properties of substrate surface to increase its lifespan and

durability and to reduce the surface degradation. One

common approach in surface engineering is coating the

surface of a substrate with a protective layer. Hence, the

field of thermal spray arose to allow for the deposition of

materials onto the surface of substrates to produce a pro-

tective coating. High velocity oxy-fuel (HVOF) thermal

spray was developed in the 1980s to allow for the depo-

sition of dense coatings to coat surfaces of a substrate in a

protective coating. Suspension HVOF is a subset of HVOF

thermal spray that allows for the deposition of nanoparti-

cles using a suspension feedstock. Typically, in SHVOF

thermal spray, premixed fuel and oxygen are injected into a
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combustion chamber where the mixture undergoes com-

bustion. The suspension is then injected axially into the

combustion chamber where it undergoes primary breakup,

secondary breakup and evaporation. The nanoparticles are

then deposited onto the surface of a substrate. There is a

significant body of the modeling literature investigating the

effect of different parameters for axial injections of sus-

pension within the combustion chamber for SHVOF ther-

mal spray. Tabbara et al. (Ref 1) looked at axially injecting

water droplets into the combustion chamber, to investigate

the effect the initial droplet diameter has on the evapora-

tion rate. Other studies by Mahrukh et al. (Ref 2-4) looked

at the effect of different axial injection types, models for

suspension properties and the effect of an atomization

model on the droplet breakup and evaporation rates. Taleby

et al. (Ref 5) investigated the effect of gas flow rate, sus-

pension flow rate, droplet diameter and the droplet velocity

for an axial injection of ethanol droplets. Emami et al. (Ref

6) looked at comparing the eddy dissipation model (EDM)

with the eddy dissipation concept model (EDC) within a

warm spray system. Warm spray is conceptually very

similar to SHVOF thermal spray with the main distin-

guishing feature consists of an inert gas injection within the

combustion chamber to control the combustion chamber

temperature. This study found a significant change in the

temperature profile with the EDC model within the free jet

region.

There are certain cases where the quality of the coating

as well as the efficiency of deposition or the functionality

of the coating can be significantly enhanced through a

radial injection of suspension outside of the nozzle. Oxy-

gen-sensitive materials such as graphene, carbon nanotubes

and fullerene oxidize and degrade readily when heated and

exposed to oxygen for significant durations of time.

Therefore, a radial injection of suspension can reduce in-

flight time and may allow for their deposition. There is an

abundance of research that has been focused on modeling

SHVOF thermal spray with an axial injection. To the best

of the authors’ knowledge, there are no numerical studies

on modeling SHVOF thermal spray with a radial injection

of suspension outside of the gun. There have been a few

experimental studies conducted that have utilized a radial

injection of suspension into a HVOF jet (Ref 7).

There are several numerical studies within suspension

plasma spray (SPS) injecting suspension radially into the

plasma jet. Amirsaman et al. (Ref 8) looked at the effect of

different viscosity models for the suspension. Jabbari et al.

(Ref 9) looked at the effect of the suspension velocity,

location and the angle of injection within suspension

plasma spray. Jadidi et al. (Ref 10) looked the effect of

different substrate shapes on SPS thermal spray. Cécile

et al. (Ref 11) looked at the effect of a plasma jet on droplet

breakup for a radially injected droplet. Meillot et al. (Ref

12) looked at modeling the interaction of a liquid jet and a

plasma torch using a VOF model.

Traditionally, in SHVOF thermal spray, there has been

little success in deposition using a radial injection of sus-

pension, as opposed to SPS where this injection method has

been more successful. The reason for this is in plasma

spray gas temperatures can reach values of up to 14,000 K

as opposed to SHVOF thermal spray where temperatures

are of the order of 2200-3000 K. Hence, the gas densities

are much lower than that for SHVOF thermal spray. This

allows for the suspension jet to penetrate deeper within the

plasma jet. The major hurdle in radial injection for SHVOF

thermal spray is to provide the liquid jet with sufficient

momentum to penetrate into the center of the gas jet while

ensuring that there is not an excessive loss in heat and

momentum. This study aims to develop a numerical model

for a radial injection in SHVOF thermal spray. The effect

of suspension flow rate, injection angle and the diameter of

the injector on the in-flight particle conditions were

investigated. For the numerical model, the commercial

CFD software ANSYS Fluent V19.0 (Ref 13, 14) (Penn-

sylvania, USA) was employed. For the experimental

investigation, a high-speed camera was employed to allow

for the imaging of the liquid jet to validate the numerical

results.

Numerical Modeling

A fully structured 3-D mesh of 2.25 million cells was

employed to model the fluid domain. The premixed fuel

and air were injected into the combustion chamber using an

annular inlet located 4 mm from the center of the com-

bustion chamber and with a width of 1 mm. A steady-state

gas flow field was established before injecting any sus-

pension. To model the gas phase, the continuity, momen-

tum conservation, ideal gas law, energy conservation,

species fraction and the realizable k-e turbulence model

with a standard wall function are solved for using the

SIMPLE algorithm and the QUICK scheme for the con-

vective terms (Ref 3). The details of the governing equa-

tions have been omitted and can be found in our prior study

(Ref 15). The discrete phase is injected using a two-way

coupled discrete particle model (DPM) (Ref 16). The cone

injection type consists of 20 particle streams has been

employed for the suspension injection. A cone angle of 1�
has been calculated based upon the research of Ranz (Ref

17). A two-way turbulence coupling, secondary breakup

model and the pressure-dependent boiling options have

been employed within the discrete phases submodels. The

unsteady discrete phase is solved for once with every ten

gas-phase iterations with a DPM time step of 1 9 10-5 s.

The inverse distance node-based averaging of the source
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term is employed to distribute the DPM source term among

neighboring cells (Ref 18). The boundary conditions for the

gas phase and the discrete phase are outlined in Table 1

(Fig. 1).

Prior SHVOF thermal spray studies (Ref 19-21) have

looked to model the combustion using the species transport

model with a single-step mechanism and the eddy dissi-

pation model (EDM) (Ref 4). However, this modeling

approach simplifies the chemistry into a global reaction and

does not include some intermediate species that form such

as HO2 and H2O2. There is no account for any measure-

ment of the turbulence within the combustion chamber

while determining the equilibrium composition. This

approach also requires rate-determining coefficients for the

eddy dissipation model that must be calibrated to match

experimental values. Due to the inability to measure the

reaction rate within the combustion chamber, the default

values must be used. This in turn has an adverse effect on

the gas temperature profile and species composition profile

(Ref 15). The EDC model has been recently implemented

within warm spray (Ref 6) and found to provide a signif-

icant improvement in modeling the combustion outside of

the nozzle. Hence, this study has employed the EDC model

along with a detailed reaction to model the combustion,

which is given in Table 2 along with the chemical kinetics.

Here, to model the combustion reaction, a global com-

bustion mechanism has been obtained for hydrogen com-

bustion (Ref 22). The mechanism is reduced using the

directed relation graph (DRG) method in ANSYS Chemkin

for the operating conditions within the combustion cham-

ber (Ref 23). The error in removing a species and a

mechanism is calculated using Eq 1. If the error is below

the user-specified error, the species can be removed. Fur-

ther information on the mechanism reduction method can

be found in (Ref 24, 25)

rAB ¼
P

i¼1;I VA;ixidBi
�
�

�
�

P
i¼1;I VA;ixi

�
�

�
� ðEq 1Þ

The eddy dissipation concept (EDC) is an extension to

the EDM model to account for detailed reaction mecha-

nisms in turbulent combustion flows (Ref 26), and the

symbols are outlined within the nomenclature. The EDC

model assumes the reaction occurs in a thin region typi-

cally smaller than the computational grid. The model dis-

tinguishes the cell into two subzones; the reacting fine

structures and the surrounding fluid. The reaction is con-

fined to the fine-scale structures, and the fine-scale struc-

tures are treated as being adiabatic, isobaric, plug flow

reactors (PFR). Turbulent mixing transfers mass and

energy from the fine structures to the surrounding fluid.

The length scale of the fine structures is given by Eq 2; the

volume fraction of the fine scale is given by the cube of this

length scale. Species are assumed to react over the time

scale given in Eq 3. Assuming the reaction occurs only

within the fine structures, the net reaction rate is deter-

mined by Eq 4 (Ref 27)

n� ¼ Cn
me
k2

� �1
4 ðEq 2Þ

s� ¼ Cs
m
e

� �1
2 ðEq 3Þ

Ri ¼
qn�

s� 1� n�ð Þ3
h i Y�

i � Yi
� �

ðEq 4Þ

Suspension Modeling

The suspension is modeled using a two-way coupled DPM

model with a multicomponent droplet injection. A multi-

component injection is a droplet comprised of multiple

species. The properties of the droplet such as the specific

heat and density are calculated from the volume average of

the various constituent components. The viscosity is cal-

culated using the correlation proposed by Guth et al. (Ref

8) to include the effect of the nanoparticles on the viscosity

of the droplet. The surface tension is given by the surface

Table 1 Boundary conditions employed within the model

Parameters Values Temperature

Total gas flow rate 0.0059 kg/s 300 K

H2 volume flow rate 440 L/min

O2 volume flow rate 220 L/min

Outlet condition Pressure outlet 300 K

Equivalence ratio 1

Suspension flow rate 50-300 mL/min 300 K

Initial droplet diameter 450 lm 300 K

Wall boundary condition No-slip 500 K

Inlet turbulence intensity 10%

Inlet turbulent length scale 7 9 10-5 m

Fig. 1 Structured mesh of the computational domain
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tension of water below the boiling point of water, and

above the melting temperature of Al2O3 the surface tension

for molten alumina is employed. The thermal physical

properties of water and Al2O3 are given in Tables 3 and 4,

respectively. The motion of the droplets is given by

Newton’s second law, with the significant force operating

on the particles being the drag force. The drag coefficient,

CD, is given by the correlation by Crowe (Ref 28) which

considers the effect of the Mach number and the Reynolds

number on the drag coefficient (Ref 29). The particle

temperature can be determined from a heat balance on the

suspension droplet, assuming no internal temperature

Table 3 Thermo-physical

properties: density, viscosity,

specific heat and surface tension

of water (Ref 3)

Property Water temperature-dependent functions Temperature range, K

Density, kg/m3 ql = aT2 ? bT ? c 290-373

a = - 0.003

b = 1.5078

c = 815.88

Viscosity, kg/m s ll = aT2 ? bT ? c 290-373

a = 1.09 9 10-7

b = - 8.11 9 10-5

c = 0.0153

Specific heat, J/kg K Cpl = aT3 ? bT2 ? cT ? d 290-373

a = - 2.45 9 10-5

b = 0.034

c = - 14.02

d = 5993.1

Surface tension, N/m rl = aT2 ? bT ? c 290-373

a = - 2.52 9 10-7

b = - 5.41 9 10-6

c = 0.096

Table 2 Reduced reaction

mechanism from ANSYS

Chemkin and kinetics data for

the combustion of hydrogen

with oxygen

Reaction Pre-exponential factor Activation energy Temperature exponent

A EA, J/kg mol n

OH ? H2 = H ? H2O 2.14E?05 1.443062E?07 1.520

O ? OH = O2 ? H 2.02E?11 0.000000E?00 - 0.400

O ? H2 = OH ? H 5.06E?01 2.631736E?07 2.670

H ? O2 = HO2 4.52E?10 0.000000E?00 0.000

OH ? HO2 = H2O ? O2 2.13E?25 1.464400E?07 - 4.827

H ? HO2 = 2OH 15.00E?11 4.184000E?06 0.000

H ? HO2 = H2 ? O2 6.63E?10 8.895184E?06 0.000

H ? HO2 = H2O ? O 3.01E?10 7.200664E?06 0.000

O ? HO2 = O2 ? OH 3.25E?10 0.000000E?00 0.000

2OH = O ? H2O 3.57E?01 - 8.836608E?06 2.400

2H = H2 1.00E?12 0.000000E?00 0.000

H ? OH = H2O 2.21E?16 0.000000E?00 - 2.000

H ? O = OH 4.71E?12 0.000000E?00 - 1.000

2O = O2 1.89E?07 - 7.480992E?06 0.000

2HO2 = H2O2 ? O2 4.20E?11 5.013269E?07 0.000

2OH = H2O2 1.24E?11 0.000000E?00 - 0.370

H2O2 ? H = HO2 ? H2 19.80E?02 1.018804E?07 2.000

H2O2 ? H = OH ? H2O 3.07E?10 1.764393E?07 0.000

H2O2 ? O = OH ? HO2 95.50E?02 1.661048E?07 2.000

H2O2 ? OH = H2O ? HO2 2.40E-02 - 9.045808E?06 4.042

Original mechanism obtained from Marinov et al. (Ref 22)
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gradient within the droplet. The heat transfer coefficient is

computed using the Ranz and Marshall (Ref 14) correla-

tion. The droplet specific heat and density are modified

according to a weighted volume average of the solid and

liquid components. To model the evaporation, the con-

vection/diffusion-controlled evaporation model has been

employed (Ref 4), with pressure-dependent boiling and

turbulence coupling. Further information can be found in

our prior study (Ref 15).

To model the liquid jet, the ‘‘blob’’ method has been

employed (Ref 30) which is one of the most popular

approaches found in the literature due to its simplicity. The

jet injection is reduced to an injection of ‘‘blobs’’ with an

equivalent diameter of the injector. The blobs are subject to

secondary breakup from the crossflow and evaporation. At

large Weber numbers, the droplet breakup can be charac-

terized by the KHRT breakup model (Ref 1). The KHRT

breakup model assumes the breakup time and droplet sizes

are related to the fastest growing Kelvin–Helmholtz

instabilities on the droplet surface within the liquid core.

Outside of the liquid core, it is assumed that breakup is

driven by the aerodynamic forces with the Rayleigh–Tay-

lor instabilities. The Suspension flow rate, angle of injec-

tion and the diameter of injector are varied and a summary

of the injection parameters is given in Table 5.

Experimental Methodology

High-speed imaging can be used to image the injection of

suspension to provide a comparison against experimental

observations. High-speed imaging has been used in a wide

range of applications to allow for a comparison of numerical

models with experimental observations. For example, radial

injection of suspension is very common in suspension

plasma spray (SPS); therefore, shadowgraphy is often used

in SPS to validate the numerical models (Ref 9, 31).

The Phantom V12 (Ametek, Pennsylvania, USA) high-

speed CCD camera with the sigma 70-300 mm F4-5.6 lens

was used to capture images of the suspension injection. The

camera was placed in view of the suspension injection

0.45 m in front of the spray gun, and the lighting system is

used to provide back illumination. A panel of glass was

placed in front of the camera to protect the camera. A white

background was placed 0.3 m behind the thermal spray

system to allow for a contrast between the liquid jet and the

background as shown in Fig. 2. A flame of 75 kW was

obtained as this flame power allowed for a supersonic flame

which is the characteristic feature of SHVOF thermal spray

(Ref 32). A higher flame power was avoided as very high

gas velocities would prevent any suspension from pene-

trating the gas jet at all. A liquid jet of suspension com-

posing of suspension 14 weight percent Al2O3 and water

was then injected radially into the flame at a distance of

10 mm downstream from the nozzle exit and 22 mm above

the centerline. The alumina suspension used has a

D50 * 137 nm, D10 * 83 nm and a D90 of * 225 nm

(Ref 33). The mass flow rate was monitored via a flow rate

meter to ensure the desired flow rate. A background image

was taken without any injection of suspension to allow the

removal of the background from the images. Once the liquid

injection matched the desired flow rate, a series of pictures

were then taken at a frame rate of * 5 9 102 per second

and the images were processed using ImageJ (NIH, Mary-

land, USA). The raw images are converted to a binary image

by applying a threshold within ImageJ (NIH, USA), and a

threshold value of 22% was applied to the images (Ref 31).

Table 4 Thermo-physical properties of Al2O3 (Ref 37)

Property Values Temperature range, K

Density, kg/m3 qp = 3950

Specific heat, J/kg K Cpp = a/T2 ? bT ? c 273-1973

a = - 2144115

b = 0.368131

c = 906.07

Surface tension, N/m rp = 0.606 2072 ?

Fig. 2 Schematic of experimental setup of high-speed camera and

lighting system to image the radial injection of suspension

Table 5 Summary of injection flow rates, angle of injection and the

diameter of injector investigated within the modeling study

Case # Flow rate, mL/min Angle of injection, � Diameter of

injector, mm

1 50 0 0.45

2 100 0 0.45

3 150 0 0.45

4 200 0 0.45

5 250 0 0.45

6 300 0 0.45

7 100 15 0.45

8 100 - 15 0.45

9 100 - 15 0.30

10 100 - 15 0.60
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Results and Discussion

Validation

The location of breakup and the windward trajectory of the

suspension into the flame is examined as illustrated in

Fig. 3. Figure 4(a), (b), (c), (d), (e) and (f) shows still

images for a radial injection as the flow rate of the liquid jet

is varied from 50, 100, 150, 200, 250 and 300 mL/min,

respectively.

To validate the model, numerical values of the location of

the breakup of the jet from the centerline and the jet trajec-

tory of the jet are compared with experimental values. Fig-

ure 5 compares the experimentally obtained values of the

location of the breakup of the suspension jet, respectively, to

the numerical values at varying flow rates. Figure 5 shows

good agreement between the numerical model and the

experimentally observed value of the location of the

breakup. As the suspension flow rate increases, the dis-

crepancy between experimental values and numerical values

becomes smaller. At a flow rate of 50 mL/min, there is a

discrepancy of 1 mm and at 300 mL/min, there is a dis-

crepancy of 0.2 mm between the numerical and experi-

mental value. Figure 6(a) plots the jet trajectories at

suspension flow rates of 50-300 mL/min; it can be seen as

suspension flow rate increases, the jet penetrates further into

the HVOF flame. Figure 6(b) compares the jet trajectories

from the numerical results against that of experimental val-

ues at 150 and 250 mL/min. It can be seen that there is a high

degree of consistency between the numerical and experi-

mentally obtained value of the jet trajectory in the region

beyond the column.

In summary, the employed ‘‘blob’’ method to model the

suspension injection with a multicomponent droplet and

the KHRT secondary breakup model provides good

agreement with experimental measurements for the dis-

tance of penetration and the breakup location. The distance

of breakup shows improved consistency at higher flow

rates. The distance of penetration shows a high degree of

coherence at the entire range of flow rates investigated.

Comparison of Combustion Model

In SHVOF and HVOF thermal spray, the eddy dissipation

model (EDM) model with a global reaction mechanism is

the most commonly used approach to model the combus-

tion. This model overpredicts the gas temperature in

comparison with the adiabatic flame temperature as

reported within our prior study (Ref 15). It is also com-

monly reported that the EDM model underpredicts the

particle temperatures by up to 500 K within the free jet in

contrast to experimental measurements (Ref 6). A recent

study compared the EDC model with the EDM model for a

warm spray application (Ref 6) and found higher gas

temperatures within the free jet using the EDC model and

hence mitigates some error associated with the underpre-

diction in the particle temperatures within the free jet.

H2 þ 0:5O2 ! 0:7184H2Oþ 0:1738H2 þ 0:0554O2

þ 0:07944Hþ 0:0345Oþ 0:1359OH

ðEq 5Þ

Figure 7 compares the centerline static gas temperature

using the EDC model and the EDM model. The global

reaction mechanism employed for the EDM model is given

by Eq 5, and the reaction is rounded to 4 decimal places.

From Fig. 7, it can be seen that a combustion chamber

temperature of 3200 K is calculated from the EDC model,

and this matches the adiabatic flame temperature 3200 K.

The adiabatic flame temperature is calculated from soft-

ware Gordan and McBride (NASA CEA) (Ref 34) at the

combustion chamber pressure of 2.6 bar and an equiva-

lence ratio of 1. The EDM model severely overpredicts the

adiabatic flame temperature within the combustion cham-

ber by over 350 K. It can also be seen that there is a sig-

nificant difference between the slopes of the temperature

curves in the free jet. This is a result of ambient oxygen

mixing and further reacting with the gas jet, and the

detailed reaction mechanism can resolve these reactions in

greater detail than the global reaction mechanism which is

solely determined to approximate the reaction within the

combustion chamber as reported within (Ref 6). The

Fig. 3 Image of a radial injection of suspension into the flame with

the distance of penetration and breakup from the jet axis outlined
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overprediction in the gas temperature affects many aspects

of the flow such as the gas density, the gas velocity,

evaporation rates of suspension, particle temperature and

the particle velocities. The EDC provides a significant

improvement in the calculation of the gas temperature

within the combustion chamber as opposed to the EDM

model currently employed in the literature. Figure 8(a) and

(b) shows a center plane contours of gas velocity field and

temperature field, respectively, without any suspension

injection. From Fig. 8, it can be seen that the shocks are

resolved, and there are five shock diamonds presented in

Fig. 8(a). Typically, in SHVOF 6-7 shocks are witnessed

within outside of the gun (Ref 35), which compares well

with the value reported in literature.

Numerical Investigation into the Effect

of Suspension Flow Rate

Figure 9 shows a center plane contour of the gas velocity

with varying suspension volume flow rate from 50 to

300 mL/min. Figure 10 shows the centerline gas velocity

Fig. 4 Image of radial injection of an Al2O3 and water suspension

into a 75 kW flame with varying liquid injection flow rates, with an

injection location of 10 mm downstream from the nozzle outlet and

22 mm above the jet axis centerline. (a) 50 mL/min, (b) 100 mL/min,

(c) 150 mL/min, (d) 200 mL/min, (e) 250 mL/min and (f) 300 mL/

min

Fig. 5 Comparison of experimentally obtained values of the jet

breakup distance from the centerline to the numerically obtained

values from CFD
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magnitude as the suspension flow rate is varied. It can be

seen that as the suspension flow rates increases up to

100 mL/min, the centerline gas velocity is near identical to

the gas velocity without any suspension injection. With

further increases in the suspension flow rate above 100 mL/

min, the centerline velocity of the gas jet reduces

significantly.

Figure 11 shows a center plane contour of the temper-

ature with the suspension flow rate varying from 50 to

300 mL/min. Figure 12 shows the centerline static gas

temperature as the suspension flow rate is varied from 50 to

300 mL/min. Figure 11 shows that low suspension flow

rates have little effect on the static gas temperature. As the

suspension flow rate increases the temperature decreases

significantly. As the suspension flow rate increases from 50

mL/min to 300 mL/min the temperature along the centre-

line decreases by an additional 1800 K, as measured from

20 mm from the nozzle exit.

Figure 13 shows a center plane contour of the Mach

number at varying suspension flow rates from 50 to

300 mL/min. From Fig. 13, it can be seen that a bow shock

forms in the location of the penetration of the suspension

jet within the supersonic region of the flow. At low sus-

pension flow rates, the effect of the suspension injection is

small due to the low penetration of the suspension jet into

the suspension crossflow. As the suspension flow rate

increases, the suspension is able to penetrate deeper into

the crossflow. The bow shock trails the suspension injec-

tion in the windward direction.

Figure 14 shows the injection of suspension into the

flame and the particle locations within the gas jet for

varying suspension flow rate of 50, 100, 150, 200, 250 and

300 mL/min. Figure 14 illustrates how the suspension

injection is modeled within the study and how the sus-

pension is injected into the gas jet. It can be seen that as the

suspension flow rate increases, the droplets penetrate fur-

ther into the gas stream. It is reported in the literature that

Fig. 6 (a) Experimentally obtained values of the windward trajectories for suspension flow rates of 50-300 mL/min. (b) Comparison of

experimentally obtained values of the windward trajectories to the numerically obtained values from CFD for flow rates of 150 and 250 mL/min

Fig. 7 Comparison of the centerline static gas temperature using the

EDC and EDM combustion model with the combustion chamber

adiabatic flame temperature
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for a liquid jet in a crossflow, penetration of the liquid jet

into the gas jet requires the dynamic pressure of the liquid

jet to exceed that of the gas jet as indicated by Eq 6 (Ref

36). This equation shows us that with a higher velocity

(flow rate), the suspension can penetrate further into the gas

jet due to the higher dynamic pressure of the liquid jet.

qlu
2
l [ qgu

2
g ðEq 6Þ

Figure 15 shows the suspension particle velocities at a

downstream distance of 85 mm from the nozzle exit for a

varying suspension flow rate of 50-300 mL/min. The par-

ticle velocity scatter plots are capped at 800 m/s for all

results as very few particles reach this velocity and only for

certain suspension injection conditions. The in-flight par-

ticle conditions were evaluated 85 mm as this is the typical

standoff distance for axially injected suspension.

Nanoparticles have low mass and thermal inertia due to

their size. The gas velocity and temperature drop off sig-

nificantly beyond 85 mm; hence, particles decelerate and

cool rapidly beyond this region.

It can be seen that, as the suspension flow rate is

increased to 200 mL/min, there is an increase in the

maximum particle velocity. As the suspension flow rate is

increased from 50 to 200 mL/min, the maximum particle

Fig. 8 (a), (b) Center plane contour of the velocity magnitude and the static gas temperature, respectively, using the EDC model

Fig. 9 Center plane contour of the gas velocity magnitude with varying suspension flow rates of 50, 100, 150, 200, 250 and 300 mL/min
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velocity increases from 450 to 950 m/s. As the suspension

flow rate is increased further from 200 to 300 mL/min, the

maximum velocity of the particles then begins to decrease

from 950 to 500 m/s. As the suspension flow rate increases

from 50 to 200 mL/min, the higher penetration of the

suspension results in a higher maximum particle velocity.

As the suspension flow rate increases further, the signifi-

cant reduction in the gas velocity results in the lower

maximum particle velocity. As the suspension flow rate

increases there is a greater momentum transfer from the

gas to the suspension, which results in lower gas velocities.

Hence, the optimum flow rate to maximize particle

velocities at the standoff distance of 85 mm from the gas

nozzle exit lies within the region of 150-200 mL/min.

Figure 16 shows the average in-flight particle velocity for

the suspension flow rates investigated. It can be seen that as

the suspension flow rate increases, the average velocity of

the particles increases up to 50 mm downstream from the

Fig. 10 Center line plots of the gas velocity magnitude with varying

suspension flow rate

Fig. 11 Center plane contour of the static gas temperature with varying suspension flow rate from 50, 100, 150, 200, 250 and 300 mL/min

Fig. 12 Center line plots of the static gas temperature with varying

suspension flow rate
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nozzle exit. As the particles decelerate, the rate of deceler-

ation is dependent on the mass of the particles. At lower

suspension flow rates, the particles decelerate at a lower rate

due to the higher moisture content. Therefore, further

downstream this trend is broken due to the greater deceler-

ation of particles that are injected at a higher suspension

flow rate. The average particle velocity at 50 mL/min shows

an anomalous trend in comparison with the remaining flow

rates. This is a result of a lower droplet radial velocity and a

low penetration of the droplets which results in heavy par-

ticles with high moisture content. These heavy particles are

less susceptible to turbulent fluctuations; hence, these par-

ticles do not stray out of the gas jet to any great degree. The

particles continue to accelerate, while at higher suspension

flow rates particles decelerate as they travel out of the gas

jet. Downstream from the nozzle exit, with the suspension

flow rate at 50 mL/min, particles are able to maintain their

momentum significantly better than that for higher flow

Fig. 13 Center line plots of the Mach number with varying suspension flow rate of 50, 100, 150, 200, 250 and 300 mL/min displaying a bow

shock preceding the suspension injection

Fig. 14 Suspension injection within the gas jet for varying suspension flow rate of 50, 100, 150, 200, 250 and 300 mL/min
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Fig. 15 Suspension particle velocities at standoff distance of 85 mm; varying suspension flow rate of 50, 100, 150, 200, 250 and 300 mL/min
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rates. This would imply that the particles at 50 mL/min are

significantly heavier and therefore very little if at all any

liquid is vaporized at this flow rate.

Figure 17 shows the suspension particle temperatures at

standoff distance of 85 mm for a varying suspension flow

rate of 50 to 300 mL/min. It can be seen that as the sus-

pension flow rate is increased from 50 to 300 mL/min, a

greater proportion of particles are heated. It can also be

seen that as the suspension flow rate increases from 50 to

150 mL/min, the maximum particle temperature increases

from 400 to 2000 K. As the suspension flow rate increases

above 150 mL/min, the maximum temperature the particles

reach reduces significantly. As the suspension flow rate

increases from 150 to 300 mL/min, the maximum particle

temperature decreases from 2000 to 1450 K. With the

increase in the suspension flow rate, particles are able to

penetrate deeper into the gas jet. This allows for greater

heat transfer to the in-flight particles, and hence, the

maximum particle temperature increases as the suspension

flow rate increase to 150 mL/min. However, as the sus-

pension flow rate increases further the addition of more

suspension into the gas removes greater quantities of heat

from the gas jet which results in the lower temperatures of

the gas jet and hence lower maximum particle tempera-

tures. The melting temperature of Al2O3 is 2072 K (Ref

37); therefore, excessively high suspension flow rates

prevent particles from being heated sufficiently to become

near molten.

Figure 18 shows the average in-flight particle tempera-

ture at a varying suspension flow rates of 50 to 300 mL/

min. In general, it can be seen that increasing the suspen-

sion flow rate from 50 to 300 mL/min results in a higher

average particle temperature further downstream from the

nozzle exit around the region of 150 mm. An increase in

the suspension flow rate from 50 mL/min to 300 mL/min

results in an increase in the average particle temperature of

approximately 140 K at a location of 150 mm from the

nozzle exit. As the suspension flow rate increases the

average particle temperature increases as more particles are

heated.

It can be seen that as the suspension flow rate increases, the

particles become more scattered. This is a result of greater

evaporation of suspension at higher flow rates; particles are

significantly lighter for higher flow rates. Lighter particles

move out of the gas jet easily due to the turbulent nature of the

flow. As the particles move out of the jet, they cool and

decelerate rapidly due to their low thermal and mass inertia.

Ensuring these particles do not stray out of the flow can sig-

nificantly improve inlight particle characteristics.

A major challenge in radial injection SHOVF thermal

spray is ensuing that the suspension can sufficiently pen-

etrate the gas jet. It is concluded that a high injection

velocity is required to allow for a high penetration of

suspension into the gas jet. A high penetration of the sus-

pension is required to maximize heat and momentum

transfer to the particles. The injection velocity can be

increased by increasing the suspension flow rate. This,

however, results in greater removal of heat and momentum

from the flame and hence reduces the maximum velocity

and temperature the particles are able to obtain. Operating

at a low suspension flow rates does not significantly impact

the gas velocity or the gas temperature. However, the low

suspension penetration at low flow rates results in low

particle velocities and temperatures. As the flow rate

increases, the jet penetration increases which allows for

more particles to be heated and accelerated as the pro-

portion of particles that reach the center of the gas jet

increases. Further increase in the suspension flow rate

results in a significant removal of heat and momentum

from the flames. This results in a significant reduction in

the maximum temperature and velocity that the particles

can obtain. An optimum suspension flow rate to maximize

particle temperatures lies within the range of 100-150 mL/

Fig. 16 Average in-flight particle velocities at the suspension flow

rates of 50, 100, 150, 200, 250 and 300 mL/min

1138 J Therm Spray Tech (2019) 28:1126–1145

123



Fig. 17 Suspension particle temperatures at standoff distance of 85 mm for a varying suspension flow rate of 50, 100, 150, 200, 250 and

300 mL/min
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min as this suspension flow rate leads to particles that are

molten upon impact and looks to maximize the proportion

of particles that are heated. The optimum suspension flow

rate to maximize particle velocities lies within the range of

150-200 mL/min.

Numerical Investigation into the Effect of Angle

of Injection

Using a 100 mL/min injection flow rate, the suspension

injection angle has been varied. Three injection angles are

considered: an angle of positive 15�, 0� and negative 15�. A
positive injection angle occurs with the suspension injec-

tion angled in the direction of the gas flow. A negative

injection angle is defined as the liquid jet traveling in the

direction opposing the gas flow. Figure 19 shows the

average velocity of particles at various standoff distances

for the three injection angles investigated. Figure 19 shows

that, as the angle of injection varies from the positive value

of 15� to the negative value of 15�, the velocity of the

particles decreases. With a positive injection angle, parti-

cles are given an initial velocity in the direction of the flow.

Hence, a positive injection angle results in a higher in-

flight particle velocity due to the higher initial X velocity in

the flow direction.

Figure 20 shows the average in-flight temperature of

particles for the three injection angles investigated. Fig-

ure 20 shows that as the angle of injection varies from the

negative value of 15� to the positive value of 15�, the

average temperature of the particles decreases. With a

negative injection angle, particles must be decelerated and

then be accelerated in the direction of the flow. This allows

for the particles to spend a greater duration of time within

the flame and hence allow for greater heating of the

particles.

In summary, varying the angle of injection can signifi-

cantly influence the in-flight particle conditions. The par-

ticle thermal properties should be considered when

deciding on the angle of injection. With a positive angle of

Fig. 18 Average in-flight particle temperature at for the suspension

flow rates of 50, 100, 150, 200, 250 and 300 mL/min
Fig. 19 Average in-flight particle velocity for the injection angle of

? 15�, 0� and - 15� at a flow rate of 100 mL/min

Fig. 20 Average in-flight particle temperature for the injection angle

of ? 15�, 0� and - 15� at a flow rate of 100 mL/min
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injection, suspension droplets are given a larger initial

velocity in the direction of the gas flow; hence, particles

have a higher in-flight velocity. With a negative injection

angle, the suspension droplets initial velocity opposes the

gas jet. The suspension droplets must first be decelerated

and then accelerated in the direction of the gas flow.

Droplets and particles spend a greater duration of time

within the flame, and therefore, higher particle tempera-

tures are seen for a negative injection angle. The injection

angle can be adjusted to match additional heat require-

ments for particles with a high melting temperature. Or the

injection angle can be modified to match the additional

momentum requirements of in-flight particles of low

melting temperatures. With Al2O3-based suspension, the

high melting point of the particles and low sensitivity to

oxygen at high temperatures makes a negative injection

angle beneficial. This results in greater heating of particles

to increase the quantity of molten in-flight particles.

Numerical Investigation into the Effect of Diameter

of Injection

In this investigation, three injection nozzle diameters

were considered; the flow rate of 100 mL/min and an

angle of negative 15� has been used. The injector

diameter was varied at 0.3, 0.45 and 0.6 mm. Figure 21

Fig. 21 Suspension particle velocities at standoff distance of 85 mm for a varying diameter of injection of 0.3, 0.45 and 0.6 mm
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shows the particle velocity at a standoff distance of

85 mm from the nozzle exit for varying injector diame-

ters of 0.3, 0.45 and 0.6 mm. Figure 21 shows that as that

as the diameter of the injector decreases, the velocity of

the particles increases. It is also seen that as the injector

diameter decreases, the maximum velocity the particles

can increases. With the injector diameter of 0.3 mm

particles reach a maximum velocity of 900 m/s, as the

injector diameter increases to 0.6 mm the maximum

particle velocity reduces to 500 m/s. Figure 22 shows the

average in-flight particle velocities for the varying

injector diameters of 0.3, 0.45 and 0.6 mm. From Fig. 22,

it can be seen that decreasing the injector diameter from

0.6 to 0.3 mm the maximum average particle velocity

increases from 240 to 440 m/s.

Figure 23 shows the particle temperature at a standoff

distance of 85 mm from the nozzle exit for varying injector

diameters of 0.3, 0.45 and 0.6 mm. Figure 23 shows that as

the diameter of the injector reduces, there is a greater

proportion of particles that are heated. Figure 24 shows the

average in-flight particle temperatures for the varying

injector diameters of 0.3, 0.45 and 0.6 mm. It is seen that

as the injector diameter decreases, the maximum temper-

ature the particles can reach increases. With the injector

diameter of 0.3 mm, a greater proportion of the particles

are heated to a near molten state. As the higher velocity

allows greater penetration of suspension into the gas

jet therefore, particles are exposed to higher gas tempera-

tures which result in the higher particle temperatures.

From Fig. 21 and 23, it can be seen that at lower

injector diameters particles stray out of the jet more

readily. With a higher velocity injection, the larger radial

component of the velocity as well as the lighter particle

mass due to greater liquid evaporation is resulting in

particles exiting the gas jet. As the particles exit, the jet

the particles quickly lose their heat and momentum due to

their low mass and thermal inertia. Ensuring particles

remain within the gas jet is a challenge that will need to

be addressed when injecting suspension radially for

SHVOF thermal spray. Further analysis on ensuing that

particles do not stray out of the gas jet would significantly

improve coating depositions within radially SHVOF

thermal spray.

It has been shown that increasing the suspension flow

rate results in greater penetration of the suspension into the

gas jet due to the higher injection velocity. The injection

velocity can also be increased by reducing the injector

diameter at a fixed flow rate. With a smaller suspension

injector diameter, the higher injection velocity of the sus-

pension increases the penetration of the suspension into the

gas jet, which significantly increases the proportion of

particles heated without capping the maximum velocity

and temperature the particles can obtain. Reducing the

diameter of the injector comes with its own limitations as

the injector is more prone to clogging as the diameter

shrinks. Therefore, when using a radial injection of sus-

pension, one must optimize both the suspension flow rate

along with the injector diameter to minimize clogging of

the injector and to maximize the in-flight particle velocities

and temperatures.

Conclusions

This study employs the use of detailed reaction mecha-

nisms along with the EDC combustion model and inves-

tigates the effect of the combustion model on the adiabatic

flame temperature within the combustion chamber. This

model avoids the overprediction in the flame temperature

as seen in prior SHVOF thermal spray studies. This

approach provides a more rigorous treatment of the com-

bustion of unburnt fuel with ambient oxygen that mixes

into the jet. The injection of suspension within the model is

validated against experimentally obtained observations
Fig. 22 Average in-flight particle velocity for a varying diameter of

injection of 0.3, 0.45 and 0.6 mm
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using high-speed imaging of the suspension injection. The

DPM model with a multicomponent injection provides a

robust treatment of the liquid jet.

This paper demonstrates the importance of carefully

optimizing the suspension injection parameters, as well as

the consideration that is required for the suspension

injector for radial injection of suspension in SHVOF

thermal spray. The injection conditions must ensure suffi-

cient momentum to penetrate into the gas jet but not as to

adversely cool or decelerate the jet. Injectors that maximize

the injection velocity can allow for the use of lower sus-

pension flow rates and hence increase in-flight particle

velocities and temperatures. Angling the injection with a

consideration of the material properties in mind can allow

for one to decide if the in-flight particles will benefit from

an injection angle that favors high velocity or an angle of

injection that favors high temperatures. From this study, it

is clear that the injection parameters and the injector

Fig. 23 Suspension particle temperatures at standoff distance of 85 mm for a varying diameter of injection of 0.3, 0.45 and 0.6 mm
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geometry can drastically improve the in-flight particle

behavior. This study has demonstrated the feasibility in

utilizing a radial injection of suspension as well as the

importance to properly calibrate the suspension injection

conditions, providing an optimistic outlook for the depo-

sition of oxygen-sensitive materials using a radial injection

of suspension.
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