J Therm Spray Tech
https://doi.org/10.1007/s11666-024-01816-1

q

Check for
updates

ORIGINAL RESEARCH ARTICLE

Study on Combustion Characteristics and Flame Flow Behavior
with Ethanol-Kerosene Mixed Fuel in HVOF Spraying

Siyu Li' - Chang Li'® - Pengfei Liu' + Xing Han'

Submitted: 19 April 2024 /in revised form: 28 June 2024/ Accepted: 10 July 2024

© ASM International 2024

Abstract Aviation kerosene is a high-density, high-
calorific value fuel widely used in high-velocity oxygen
fuel (HVOF) thermal spraying. However, incomplete
combustion of aviation kerosene generates CO,, CO, and
unburned hydrocarbons, which are not conducive to sus-
tainable development for industry. Research on new HVOF
processes using clean fuels is significant for energy con-
servation and emission reduction. In this study, a two-di-
mensional numerical model of JP-8000 spray gun flow field
was established based on the computational fluid dynamics
method, and the ethanol was blended into aviation kerosene
fuel to reduce carbon emissions during spraying. Ethanol-
kerosene premixed fuel and WC-12Co particles were
injected into spray gun in discrete phase form. The KHRT
method and O ’Rourke method in the discrete phase model
were used to deal with the breakup and coalescence of fuel
droplets. Lagrange tracking method was used to capture the
flight trajectory of fuel droplets and sprayed particles, and
the gas-liquid—solid coupling calculation of spraying flow
field was realized. The results show that adding ethanol to
aviation kerosene fuel can effectively reduce CO, emis-
sions. When the ethanol proportion is 10%, CO, emissions
decrease by nearly 30%. Ethanol pyrolysis leads to a slight
increase in CO emissions, which can be effectively reduced
by appropriately increasing the oxygen/fuel ratio. This
study provides an important theoretical basis for the
spraying practice of HVOF mixed fuel for energy saving
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and environmental protection and offers new insights for
further optimizing the spraying process.

Keywords Ethanol-kerosene mixed fuel - HVOF thermal
spraying - WC-12Co - Carbon emission

List of Symbols

A Model constant 4

Ap Model constant 4.04

A Model constant \/gcosgb

B Model constant 0.5

C, Dynamic viscosity coefficient

C Constants, C; = max[0.43,n/(n + 5)], n = Sile,
C, =19, Cy, =144, G, =0.09

Csq Heat transfer between droplets and gas

Cy Droplet specific heat

d, Discrete phase diameter

Droplet diameter

Pulsation expansion on the total dissipation rate
Enthalpy value

Turbulent kinetic energy

Latent heat

Convective heat transfer coefficient

Joi Mass diffusion flux

k Kinetic energy

k. Heat conductivity coefficient
ko Partition coefficient

my Droplet mass

m, Particle mass

M; Specie molecular weight

n Size distribution index

N Chemical components number
P Gas pressure

Pr Prandtl number of the continuous phase
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Re Relative Reynolds number

R, Substance net productivity

S Droplet surface area

Sy Productivity

So Source item

S; Chemical energy source term

Sk Total kinetic energy term

S, Turbulent dissipation rate source term

t Turbulent time

T Turbulent environment

T Temperature

T, Gas temperature

T Droplet temperature

TP Particle temperature

u Flow velocity

u; Velocity in the i direction

u; Velocity in the j direction

u/p Particle velocity

v Viscosity coefficient of molecular motion

v;’ - Stoichiometric coefficient of product j in reaction

p

v Stoichiometric coefficient of reactant i in reaction
' r

v Phase transition mass flow rate

x Coordinate values

Yp Mass fraction of the product P

Yu Effect of turbulence on total dissipation rate

Yr Mass fraction of the product R

Y, Mass fraction of the reactant

0, Radiation temperature

€ Turbulent dissipation rate

& Particle emissivity

Ly Turbulent viscosity

o Density

E;’ Additional force

Deviatoric stress tensor

Os Particle density

o, Prandtl number of turbulent dissipation rate
Ok Prandtl number of turbulent kinetic energy
o Stefan-Boltzmann constant

Introduction

Thermal spraying is a new surface strengthening technol-
ogy. Compared to traditional chrome plating, coatings
produced by HVOF have advantages such as low porosity,
high bond strength, hardness, and deposition rates (Ref 1-
4). It has been widely used in the production of piston ring
and cylinder hole coatings in the automotive industry, roll
and blade coatings in the paper industry, ball valve and
gate valve coatings in the process industry, and thermal
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barrier coatings for turbines and landing gear in the aero-
space industry. With the rapid development of industry, the
environmental burden is increasing, and the environmental
protection requirements for the spraying process are
increasing day by day. The thermal spraying process
involves the combustion of flammable and explosive gases
under high pressure, and dust pollution caused by micro-
and nanospraying powder also occur during spraying,
resulting in certain environmental damage (Ref 5). How to
accurately control the process parameters and effectively
reduce the pollution in spraying are significant for energy
conservation and environmental protection.

The negative impact of thermal spraying technology on
atmospheric environment is mainly attributed to the large
amounts of pollutants produced by incomplete combustion
of fuel during the spraying process. Commonly used fuels
for spraying include hydrogen and hydrocarbons such as
the ethylene, propylene, propane, natural gas, and aviation
kerosene (atomized liquids) (Ref 4) in which aviation
kerosene (C;,H,3) is one of the main fuels used in HVOF
thermal spraying, and its combustion products contain a
large amount of CO and CO,. That increases carbon
emissions, aggravates the atmospheric “greenhouse
effect,” and leads to rising sea levels and ocean acidifica-
tion, severely damages the ecosystem (Ref 6). Relevant
research indicates that the combustion of aviation kerosene
significantly impacts environment. As a clean and renew-
able fuel, the ethanol is considered as one of the ideal
alternative fuels for aviation kerosene. To save fossil fuels,
help “carbon peak, carbon neutrality,” and promote
industrial green development, this paper adopts ethanol-
kerosene mixed fuel and reduces carbon emissions as much
as possible under ensuring spraying performance.

The oxygen/fuel ratio (O/F) and fuel types in HVOF
thermal spraying have important effects on coating per-
formance (Ref 7). In the implementation of HVOF thermal
spraying process, it is often in a fuel-rich combustion state,
and the oxygen proportion in the spray gun is relatively
less, to reduce the oxide proportion in the metal coating.
When the spraying is in a fuel-rich combustion state, it is
easy to cause insufficient combustion and produce a large
amount of CO and other gases, causing pollution to the
environment. Quantitatively revealing the combustion
reaction state and effectively reducing the pollutant pro-
portion in spraying are significant for improving the
energy-saving and environmental protection effect of
spraying process. The numerical simulation method can
directly show the physical and chemical changes of fuel
during spraying, and quantitatively reveal the reaction
mechanism for ethanol-kerosene combustion, which helps
determine the optimal value of fuel mixing ratio. Patra
et al. (Ref 8) studied the effects of kerosene and ethanol-
kerosene mixed fuel on flame characteristics in combustion
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chamber, respectively. They captured flame images with
high-velocity camera to reveal flame behaviors under dif-
ferent fuels. The results show that the mixed fuel burns
more fully and only has less CO, proportion in the exhaust
gas, which reduces the environmental carbon load.
H. Tabbara (Ref 9) et al injected droplets in the form of
discrete phase into the spray gun, and found that fuel
droplets were broken and vaporized under the acceleration
of flame during combustion. The droplet breakup method
was studied in detail. Combined with the droplet thermo-
physical properties, the primary and secondary breakup
mechanisms were captured and compared with the time
scales involved in droplet gasification. Wang et al. (Ref 10)
simulated the flow field for HVOF thermal spraying by
non-premixed combustion model, and explored the effects
of turbulence intensity at oxygen and fuel inlet, oxy-
gen/fuel ratio and fuel droplet size. The results show that
when the droplet size is between 10 and 20 pm, the degree
of fuel atomization significantly effects the flame flow
characteristics (temperature, velocity and evaporation rate).
Liu et al. (Ref 11) used ethanol as fuel to spray WC-10Co-
4Cr powder by HVOF process, studied the effects of dif-
ferent oxygen/fuel ratios on particle flight velocity and
temperature, further explored the performance of WC-
CoCr coating, and elaborated the relationship between
particle parameters and coating performance. They found
that the ethanol fuel can easily lead to poorer particle
temperature compared with other fuels. Jadidi et al. (Ref
12) adopted the two-way coupling Eulerian-Lagrangian
method to establish a three-dimensional suspended HVOF
spraying model including premixed combustion of oxygen-
propylene and non-premixed combustion of oxygen-etha-
nol and oxygen-glycol. They combined with the Taylor
Analogy model to simulate the droplet breaking; after the
droplet breaking was complete, the solid particles were
tracked to determine the characteristics of the particles.
In summary, the fuel type directly affects the combus-
tion reaction, which in turn affects the flame flow and
particle flight state in spraying. Although the use of ethanol
fuel instead of aviation kerosene can save energy and
reduce emission, the energy density of ethanol is poor,
which decreases the binding strength of the coating and the
substrate. At present, there is a lack of relevant research on
the influence of ethanol-kerosene mixed fuel on the
spraying process, and it is important to quantitatively
reveal the influence for ethanol combustion on the spraying
process. In this study, the kerosene and ethanol droplets
were injected into the spray gun in discrete phases to
explore the evolution process for fuel droplet breakup and
gasification in the combustion chamber. The mixed com-
bustion of ethanol-kerosene was optimized to achieve low
pollution and high energy effects in spraying. This study
has guiding significance for optimizing spraying fuel,

reducing industrial pollution and helping to achieve “car-
bon peak, carbon neutrality.”

The gun model used in this study is the JP-8000 spray
gun produced by Praxair-Tafa (Ref 13-15). The fuel dro-
plets are broken, gasified and burned in the combustion
chamber, and the temperature of the reaction product
rapidly rises under the impetus of heat, and the gas volume
violently expands, and then forms a high-temperature,
high-pressure flame. The spray powder is radially fed into a
high-velocity flame by the inert gas, where it is heated,
accelerated, and sprayed onto the surface of the pretreat-
ment substrate to form a high-quality coating (Ref 16).
HVOF spraying process and fuel droplet atomization
model are shown in Fig. 1.

Numerical Modeling of the HVOF Spraying
Process

Work Summary

The aim of this study is to introduce green fuel ethanol into
the spraying process by numerical simulation, and provide
a solid theoretical basis for the practice of the new ethanol-
kerosene mixed fuel process. The evolution process of
liquid fuel droplet breakup and gasification in combustion
chamber was studied, and the influence of ethanol fuel on
spraying process was quantitatively revealed. The process
parameters of ethanol-kerosene mixed combustion spray-
ing were further optimized to reduce carbon emission. The
specific modeling steps are as follows:

1. According to the internal geometry size of JP-8000
spray gun and the size of the free stream, a parametric
geometric model was established by using Ansys finite
element analysis preprocessing software, and quadri-
lateral elements were used to divide the grid to
establish the calculation area, and the geometric
boundaries were named to facilitate the setting of
boundary condition parameters.

2. A gas phase model was set for the calculation region,
including continuity, momentum, energy and specie
transport equations, and the realizable k-¢ model was
used to solve the turbulence problem. An eddy
dissipation model (EDM) was used to simulate the
combustion reaction during spraying.

3. Based on the gas phase model, discrete modeling of
liquid fuel droplets and WC-12Co particles was carried
out based on the Lagrange method, and gas—liquid—
solid coupling was realized to determine the trajectory
of particles and droplets.

4. The discrete equations were solved in a two-dimen-

sional, axisymmetric, transient environment. The semi-
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(b) Secondary breakup of droplets after atomization

Fig. 1 Schematic diagram of HVOF thermal spraying process and fuel atomization model

implicit algorithm of pressure correlation equation
(SIMPLE) was used to deal with the coupling of
pressure and velocity. The equations were calculated
and solved by second-order upwind discretization
method.

5. The real-time change curve of monitoring variables
was used to judge whether the calculation result was
convergent. Finally, the post-processing software was
used to process the calculation results, and the
calculation results were verified and comprehensively
analyzed.

Gas Phase Dynamics Model

In the Euler-Lagrange method, gases were modeled as
continuous phases. The conservation equations of the mass,
momentum, energy, and species transport for gas phase can
be ideally represented by Cartesian tensor coordinate sys-
tems [15, 17].

Conservation of mass
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(Eq 1)
Conservation of energy

2 fulpE + ) + (o) = (kea—T+ ()) +5,

6x,~ ot an
(Eq 2)
Conservation of momentum
0 0 d 0 o,
— . — ) = —— 4+ — (71 —(=Dou:lu:!
o (P + 5 (o) = =5+ 5 (wa) 5 (=)
(Eq 3)
Species transport
0 0J,;
—(pYou;) = ——2+R,+S, a=12,..,N—1

ax i ax i

(Eq 4)
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Combustion Model

In the JP-8000 HVOF spraying system, fuel droplets are
atomized by a coaxial atomizer before entering the com-
bustion chamber. Specifically, the coaxial atomizer is
responsible for atomizing the larger liquid fuel droplets
into small droplets, and then sending the atomized small
fuel droplets into the combustion chamber for combustion.
To save calculation time, the relevant calculation of
atomizing process of fuel droplets (large droplet to small
droplet) by coaxial atomizer is ignored. In this study, the
calculation model starts from the combustion chamber
area, where small fuel droplets and oxygen enter the
combustion chamber after premixing. Because the ato-
mized droplets are small in diameter and quickly evaporate
in the combustion chamber with a high temperature and
pressure, this study assumes that the overall reaction rate is
controlled by turbulent mixing, and unknown chemical
reaction kinetic rates are safely ignored (Ref 18). Based on
the work of Magnussen and Hjertager (Ref 19, 20), FLU-
ENT provides a turbulence chemical reaction interaction
model, that is, Eddy dissipation model (EDM), which is
commonly used to simulate the combustion in the HVOF
process (Ref 21).

The production rate R;, of substance i in the reaction r is
given by the smaller of the following two expressions [16]

) (Eq 5)

" 8
R, =v; ,M;Ap - min (

R
k VR,r/Mi

" & YP
Ri,r = vi,rMiABp% (%)
J Vit

Under ideal conditions, the complete combustion prod-
ucts of the kerosene and ethanol are CO, and H,O. How-
ever, the flame flow temperature is up to 3000 K during the
spraying, and the combustion products will be dissociated,
including not only combustible gases such as CO and H,,
but also atomic gases such as O, H, OH produced by dis-
sociation. Based on the chemical equilibrium procedure
developed by Sanford and Bonnie J (Ref 22), the chemistry
of kerosene and alcohol is as follows (Ref 12, 15):

Ci2Has 4 17.2860, — 7.397CO + 4.603CO, + 7.955H,0
+ 1.613H, + 1.204H + 2.660H
+ 1.1540 + 3.10,

(Eq 6)

(Eq 7)

C,HsOH + 1.30, — 1.77CO + 0.231CO; + 1.36H,0
+ 1.619H, + 0.03955H + 0.0080H
+0.000110 + 3.9 x 107°0,

(Eq 8)

Turbulence Model

The realizable k-¢ turbulence model, as a supplement to the
standard k-¢ model and the RNG k-¢ model, considers the
Boussinesq relation and the definition of vortex viscosity to
obtain the compressible flow equation under normal Rey-
nolds pressure (Ref 23, 24). The realizable k-¢ model based
on the Reynolds-averaged Navier—Stokes equations
(RANS) has the following form (Ref 9, 25).
Turbulent kinetic energy

0 0 0 U\ Ok
ar rPkve) + 5 (rpkue) = 50 (r(“ +20) a)
0 U\ Ok
T (’(“ 1) a)
+ r(Gy + Gy, — pe — Yy)
(Eq 9)
Turbulence dissipation rate
0 0 0 0
ax UPove) + 5 (rpev) =5 <(“ " 9 aj>
0 u,\ Oe

& €
+ r(pCISs - pCz—’S + an—CzﬂGb)

k++/ve k
(Eq 10)
Turbulent viscosity
k2
Dynamic viscosity coefficient
1
(Eq 12)

Ch=——"—
M Ag + A (kU [e)

Discrete Phase Model

In Euler—Lagrange method, the Lagrange trajectory model
was used to simulate the motion and heat transfer of par-
ticles, which can be divided into the stochastic model and
the deterministic model. A stochastic model was used in
this study, which considers the effects of gas turbulence on
particle motion and heat transfer. In this study, WC-12Co
particles and fuel droplets were regarded as discrete phases.
The Kelvin—-Helmholtz Rayleigh-Taylor (KHRT) method
and O’Rourke method in the discrete phase model were
used to deal with the breakup and coalescence of fuel
droplets. The KHRT model combines the Kelvin—Helm-
holtz instability theory and Rayleigh-Taylor instability
theory, which can more accurately simulate the breakup
and atomization process of droplets in high shear airflow,
and then more accurately predict the size and distribution
of droplets. The O’Rourke method assumes that the
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collision can occur only when two droplet groups exist in
the same fluid grid, and consider the collision probability
and subsequent coalescence of the droplet, and the method
has second-order precision in space.

Discrete Phase Droplets

Fuel droplets undergo three physical processes of heating,
evaporation and boiling during combustion. When the
temperature of fuel droplets is lower than the evaporation
temperature, no mass transfer occurs. The heat transfer
equation is as follows:

dT;

mycy == = Sh(Ty = T3) + eA,o (07 — T) (Eq 13)
Heat transfer coefficient
h= Nu% (Eq 14)

s

The Nusselt number (Nu) is derived from the Lowndes
and Marshall correlation

Nu = 2.0 4 0.6Pr'/*Rep'/? (Eq 15)

When the temperature of the fuel droplets reaches the
evaporation temperature, mass transfer occurs and the mass
of fuel droplets begins to decrease, its mass transfer
equation is

my(t + At) = my(t) — NuapSM,, ;jAt (Eq 16)
The mass transfer coefficient is
Nuyz = 2.0 + 0.6Re}/ 2S¢/ (Eq 17)
The heat transfer equation is
mycy % = Sh(T, — T;) + e;A,0 (07 — T?) + %hfg
(Eq 18)

When the temperature of the fuel droplet reaches the
boiling point, the temperature remains unchanged, and the
mass transfer equation is

d(ds,) 4k, Cs.g (Tg - TS)
& o (1+0.23,/Re,) In {1 T

(Eq 19)

The droplet boiling evaporation rate is

d(d,) 2 |k[1+023,/Re,] R
e Pshg ds (Tg - T‘Y) + 8‘Y6(0S o T‘)

(Eq 20)
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Discrete Phase Particle

To analyze the heat transfer and melting behavior of WC-
12Co particles during HVOF thermal spraying, it is nec-
essary to consider the complex interaction of multiphase
flow, heat transfer and particle phase transition.

Particle Dynamics In spraying, the force acting on the
particles is mainly the drag force, and the influence of the
gravity, thermophoresis force and Brownian force are
ignored (Ref 26, 27)

g(p, —p)
Pp

du,,_F

i (U — ) + + F, (Eq 21)

F, p(u'-up/) is the drag force in unit mass of the particles,
in which

18u, CpRe,
y = Eq 22

Re, is the relative Reynolds number, defined as

_ pdp‘up — u‘

Re
4 u

(Eq 23)

Particles and droplets are defined as spheres, and drag

coefficients [28] are as follows:
aj as

Cp=a+—+—> Eq 24
b ! Re, Re, (Bq 24)
In which
0,24,0 0<Re, <0.1
3.690,22.73,0.0903 0.1<Re, <1
1.222,29.1667, —3.8889 1 <Re, <10
) 0.6167,46.50,—116.67 10 <Re, <100
@1, 2, 43 =Y ()3644,98.33, —2778 100 <Re, < 1000
0.357,148.62,—47500 1000 <Re, <5000
0.46, —490.546,578700 5000 <Re, < 10000
0.5191, —1662.5, 5416700 Re, > 10000
(Eq 25)

Particle Heat Transfer In the process of thermal spray-
ing, the Biot number of particles is usually less than 0.1.
Assuming that the temperature gradient inside the particles
is zero (Ref 29). Newton’s cooling law and radiation heat
transfer equation were used to solve convection and radi-
ation heat transfer between particles and ambient fluids.
The heat transfer equation between the single particle and
the continuous phase can be simplified to a first-order
ordinary differential equation (Ref 12), as shown in
Eq. (13).
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Particle Phase Transformation The phase transition
model of the particles was enabled, and the melting point,
latent heat, and phase transition temperature of the particles
was set in the material properties. Considering the latent
heat effect of particles during phase transition, the energy
balance equation of phase transition is as follows:

0

a(pH) + V- (pVH) =V - (koVT) + S (Eq 26)
The enthalpy value H is
H = h+ Phy (Eq 27)
The fluid (molten state) fraction f is
B=0 if T, < Tsolidus
=1 if T, > Tiiquidus
= Tp = Toolids it Tolidus <Tp < Thiquidus

B Tliquidus — 4solidus
(Eq 28)

Particle Size The particles of WC-12Co were prepared
by agglomeration sintering method with uneven size dis-
tribution. The microscopic morphology and size distribu-
tion of the particles are shown in Fig. 2.

Figure 2(b) shows that there are more particles with size
of 15-35 um in the sprayed powder. Therefore, to save
calculation costs under actual spraying conditions, 15-
35 um was selected as the particle size in the simulation
calculation, and three particle sizes (the minimum value of
15 pm, the maximum of 35 um, and the average diameter
of 23.09307) were determined. The Rosin-Rammler
method (Ref 7) was used to describe the particle size dis-
tribution. The functional relationship between particle size
and mass fraction is

Frequency (vol.%)

Signal A= SE2
Mag= 400X

EHT = 15.00 kV
WD = 153 mm

Date: 16 Oct 2023
Time: 10:29:50

(a)

Fig. 2 Microscopic morphology and size distribution of the particles

~(d/d)"

Yd =e (Eq 29)

Geometric Structure and Meshing

The computational domain geometry model of JP-8000
spray gun is shown in Fig. 3. To save calculation time and
cost, we set up the axisymmetric two-dimensional model of
JP-8000 gun to calculate while ensuring the accuracy of
calculation results. The calculation area is divided into two
parts, one is the gun geometry model as the internal flow
field, and the other is the rectangular region as the external
flow field with a width of 300 mm and a height of 220 mm.

The essence for computational fluid dynamics is to make
point discretization or region dispersion of the regions
specified by the control equation. Therefore, the grid
quality significantly influences the calculation accuracy,
efficiency and stability of the solver. ICEM software was
used for the structured meshing of the computation area.
Figure 4 shows a grid calculation model in two-dimen-
sional consisting of the combustion chamber, nozzle, barrel
and air domain. The grid of combustion chamber, Laval
nozzle and parallel barrel were finely divided to improve
the calculation accuracy. The entire computation area
contains 87,055 nodes and 85,196 cells.

The nozzle and combustion chamber were set as non-
slip walls at an initial temperature of 300 K. The inlet
boundary was set as the mass flow inlet, and the turbulence
intensity was 5%. The outlet boundary was set as the
pressure outlet, and the initial pressure was 1 atm. The
spraying distance was 300 mm, and the substrate temper-
ature was 500 K. The WC-12Co particles were radially fed
into the gun in surface form through Inlet 2 at an initial rate
of 10 m/s. The premixed ethanol-kerosene fuel droplets
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N
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J
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Fig. 3 Computational domain
geometry model of JP-8000 gun
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Table 1 Physicochemical

Specific heat capacity, J/kg K Viscosity, Pa s Density, kg/m*

property of Cy»Has and Fuel Calorific value, J/kg
C.HsOH CioHas 430 x 107
C,HsOH 2.97 x 107

0.8 x 10°
0.789 x 10°

25 x 107
12 x 103

5.75 x 10°
6.58 x 10°

after atomization were injected into the gun in surface form
through Inlet 1 at an initial rate of 10 m/s. Considering that
the atomization process may be affected by other process
parameters, the size of the fuel droplets after atomization
was set to a random distribution based on the Rosin-
Rammler method. The droplet size (the minimum value of
0.001 mm, the maximum of 0.006 mm, and the average
diameter of 0.0035 mm) in this paper was determined
according to that weighted average diameters of the pri-
mary child droplets was about 0.0035mm in Ref (9) , and
the droplet size diffusion coefficient was calculated for
1.1717645. Table 1 shows the physical properties of the
two fuels. The oxygen/fuel ratio was 3.5, and the mass flow
of fuel and oxygen was 0.00847 kg/s and 0.03 kg/s,
respectively. The effects of ethanol proportion on flow field
and particle flight behavior in HVOF spraying were ana-
lyzed with the proportion of ethanol in total fuel as a single
variable. Table 2 shows the process parameters of six
groups for numerical simulation.

@ Springer

Analysis of Computing Result
Model Validation

At present, there have been some researches on mixed
combustion of spray fuel, but the researches on the influ-
ence of ethanol-kerosene ratio on gas—solid two-phase flow
characteristics are limited. There is a relative lack of
detailed research on mixed combustion for ethanol-kero-
sene in thermal spraying process. Therefore, the kerosene
fuel (C,H,3) was used to verify the model effectiveness
under same process parameters in this study. The contour
plot of flame flow variation for base case during spraying is
shown in Fig. 5. The maximum velocity of the flame flow
is 2119 m/s, the maximum temperature is 3385 K, and the
maximum pressure is 859939 Pa. All parameters meet the
requirements of spraying conditions, and obvious Mach
cones can be observed at the spray gun outlet and in the air
domain, which is consistent with the actual spraying
situation.

Figure 6 shows the changes of the flame flow along the
central axis during the spraying in base case. The flame
flow velocity reaches the maximum at the gun outlet. Due
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Table 2 Description of

researched cases Case Aviation kerosene mass flow, kg/s Alcohol mass flow, kg/s Alcohol ratio, %
Base case 0.00847 0 0
Case 1 0.007623 0.000847 10
Case 2 0.005929 0.002541 30
Case 3 0.004235 0.004235 50
Case 4 0.7392 0.001848 70
Case 5 0 0.00847 100
—— I | |
0 424 848 1271 1695 2119 281 902 1522 2143 2764 3385

Velocity (m/s)

60612

220477

Pressure (Pa)

(c)

380343

Temperature (K)

_

540208 700073 859939

Fig. 5 Contour plot of flame flow variation in base case during spraying (a) velocity, (b) temperature, (c) pressure
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Fig. 6 Changes of flame flow in base case along the central axis during spraying (a) velocity, (b) temperature

to the convergent and divergent action of Laval nozzle, the
heat energy converges, and the flame flow temperature
reaches the maximum at the nozzle. The calculated results
are highly consistent with those of H. Tabbara et al. (Ref
9), which verifies the validity of the model presented in this
study. The gas velocity during HVOF spraying is usually
very high, even exceeding the sound speed, and the com-
pressibility effect can enhance the capture for turbulent

characteristics under high Mach number flow, and more
accurately calculate the interaction force and heat transfer
between particles and the gas flow. Therefore, the com-
pressibility effect is considered in this model, so that the
prediction of turbulence intensity and the fluctuation
degree of the flame flow is enhanced, the flame flow
characteristics in the local region sharply change, and the
nozzle and the barrel show more violent fluctuations. Also
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due to compressibility effect, seven distinct Mach cones
can be observed at the gun outlet in this model, while there
are only five Mach cones in the literature (Ref 9). Relevant
experiments also show that the spraying flame flow can
reach up to 7-9 Mach numbers in the actual spraying
process (as shown in Fig. 5a), which further proves the
accuracy of this model.

Analysis of Flame Flow Results

Figure 7 shows the contour plot of flame flow velocity
change under different ethanol proportion. In Case 1, the
flame flow velocity is the highest, which is 2360 m/s, an
increase of 11.4% compared with base case. This is
because ethanol is less viscous and more volatile, and it is
easy to quickly evaporate in the atomization process, which
promotes the combustion of kerosene, and the fuel burns
more fully, releasing more energy. In Case 2 and Case 3,
the maximum flame flow velocity is 2193 m/s and 2118 m/
s, respectively, which is close to the flame flow velocity
(2119 m/s) in base case. In Case 4 and Case 5, the flame
flow velocity decreases by 8% and 11.8%, respectively,
and the maximum velocity is only 1947 m/s and 1869 m/s,
and no clear Mach occurs at the gun outlet. The results
indicate that the energy released by combustion decreases

Velocity (m/s) ST " e B
0

519 779

260

with the increase in ethanol proportion when the ethanol
proportion is higher than 10%, and the flame flow does not
provide sufficient kinetic energy for the spraying particles
when the ethanol proportion is higher than 70%.

Figure 8 shows the change contour plot of flame flow
temperature under different ethanol proportion. The tem-
perature characteristics for flame flow of kerosene com-
bustion and ethanol-kerosene combustion in the
combustion chamber are obviously different. The addition
of the ethanol reduces the viscosity of the fuel, and makes
the fuel flow more easily. The flight path of different fuel
droplets after entering the combustion chamber is different
under the influence for the flame flow. In the base case,
kerosene fuel droplets gather near the centerline of the
combustion chamber, and combustion starts from both
sides of the droplets stream. Due to that the calorific value
of the kerosene is relatively high, the red high-temperature
area fills the combustion chamber, and the maximum
temperature for the flame flow is 3385 K. Due to the full
combustion of the mixed fuel, the maximum temperature
for flame flow in Case 1 is 3503 K, which increases by
3.5% compared with the base case. The maximum tem-
peratures of flame flow in Case 2, Case 3, Case 4 and Case
5 are 3260 K, 2923 K, 2562 K and 2275 K, which
decrease by 3.7%, 13.6%, 24.3% and 33.8% compared with

1038 1298 1558 1817 2077 2360

(e

(M

Fig. 7 Change contour plots of flame flow velocity under different ethanol proportions (a) Base case, (b) Case 1, (c) Case 2, (d) Case 3, (e) Case

4, (f) Case 5
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Fig. 8 Change contour plots of flame flow temperature under different ethanol proportions (a) Base case, (b) Case 1, (c) Case 2, (d) Case 3,

(e) Case 4, (f) Case 5

base case, respectively. The results indicate that when the
ethanol proportion is higher than 10%, the energy released
by combustion decreases with the increase in the ethanol
proportion, and when the ethanol proportion is higher than
70%, the flame flow cannot provide enough heat energy for
the spraying particles.

Figure 9 shows the change contour plot of flame flow
pressure under different ethanol proportions. The pressure
in Case 1 is the highest, which is 948801 Pa, an increase of
10.3% compared with base case. This is due to that the
addition for a small amount of ethanol promotes the
combustion of kerosene fuel, and more gas is generated
from the reaction and gathers in the combustion chamber.
The maximum pressure of flame flow in Case 2 is
887588 Pa, which increases by 3.2% compared with base
case. In Case 3, Case 4 and Case 5, the maximum pressure
of flame flow is 821699, 745302 and 625837 Pa, which
decrease by 4.4, 13.3 and 27.2% compared with base case,
respectively. The results indicate that when the ethanol
proportion is higher than 30%, the flame flow pressure
decreases with the increase in the ethanol proportion. In
Case 4 and Case 5, the pressure is poor, and no obvious
fluctuation can be observed at the spray gun outlet. The
flame flow in the air domain has a weak acceleration effect
on particles, which affects the coating quality.

Figure 10 is the changes of flame flow along the central
axis under different ethanol proportions. Fig-
ure 10(a) shows that there is no significant difference in the
flame flow velocity of the combustion chamber. Through
the acceleration of the Laval nozzle, the velocity of the
flame flow rapidly rises, and that of Case 3 in the parallel
nozzle is the highest. With the increase in the spraying
distance, the flame flow velocity slowly decreases in a
“fluctuation.” In the air domain, due to the full combustion
of the flame flow, the gas pressure is high, and the pressure
difference for flame flow at the nozzle outlet of Case 1 is
large. That causes the external air flow to fluctuate vio-
lently, presenting a diamond-like waveform with com-
pression wave and expansion wave, and the highest
velocity peak. As the ethanol proportion increases, the
fluctuation becomes smoother. For Fig. 10(b), pure kero-
sene fuel in the base case has a long ignition lag period due
to high viscosity and low volatility. The addition of ethanol
in aviation kerosene fuel accelerates the breaking of dro-
plets, forming finer atomized droplets, and the combustion
reaction is advanced, almost immediately burning when
fuels enter the combustion chamber. Compared with the
ethanol fuel, kerosene fuel has a higher calorific value, so
the increase in ethanol proportion reduces the overall heat
release from the combustion. In Fig. 10(c), due to sufficient
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Fig. 9 Change contour plots of flame flow pressure under different ethanol proportions (a) Base case, (b) Case 1, (c) Case 2, (d) Case 3, (e) Case

4, (f) Case 5

combustion, a large number of product gases generated by
the combustion are concentrated, the flame flow pressure in
Case 1 is always highest. In summary, the flame flow
generated by the combustion of ethanol-kerosene mixed
fuel for Case 1 has the characteristics of high kinetic
energy and high thermal energy, the energy utilization rate
is the highest, which meets the requirements of spraying
conditions.

Figure 11 shows the vector diagram of flame velocity
change in the combustion chamber during the spraying in
base case and Case 1. In base case, kerosene fuel is more
viscous, the attraction between molecules is greater, and
after entering the combustion chamber, it is less affected by
the flame flow, the ability to maintain axial velocity is
stronger. The droplets gather at the centerline of the gun
body, and the breakup, atomization and combustion pref-
erentially occur at the front end and both sides of the
agglomerated droplet. In Case 1, the addition for ethanol
reduces the viscosity of the fuel mixture, and the move-
ment of fuel droplets is more susceptible to the influence of
flame flow. As can be seen from the local magnification of
the flame flow velocity, the flame flow has a radial velocity
when mixed fuel is used, which makes the fuel droplets
spread to both sides. The mixed fuel droplets faster occur

@ Springer

breakup, atomization and combustion in the combustion
chamber, and the axial displacement is smaller. There is
reverse velocity between the two fuel inlets, and complex
turbulent behavior exists in the local region, which further
leads to the failure of the two fuel droplets to converge.
Figure 12 shows the changes of CO, and CO mass
fraction along the central axis under different ethanol
proportions. There is a small difference between the mass
fraction of CO, and CO at the spray gun outlet in base case
and Case 1. With the increasing ethanol proportion, the
mass fraction of CO, obviously decreases, and the mass
fraction of CO slightly increases. This is because both
kerosene and ethanol combustion products contain CO and
CO, gases, but for the same molar mass, kerosene fuels
produce more carbon emissions (as shown by the reaction
equation). Therefore, as the ethanol ratio in Cases 1-5
successively increases, the CO, content decreases. At the
same time, because ethanol gas is relatively unstable, CO
gas will be pyrolysis at high temperature, resulting in a
slight increase in CO content with the increasing ethanol
ratio. As can be seen from Fig. 12(b), near the spraying
distance x = 0.34 m, the CO emission gap between dif-
ferent ethanol proportions is smaller than that at the spray
gun outlet. This is due to the further reaction between the
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CO produced by pyrolysis inside the spray gun and the
oxygen in the air domain to produce CO,. The same mass
flow of kerosene fuel and ethanol-kerosene mixed fuel,
because of the higher carbon proportion in kerosene,
combustion produces more CO,. The changes of CO, and
CO mass fractions at the gun outlet are shown in Table 3.
The reduction rate of CO, emissions increases with the
increasing ethanol proportion, and the growth rate of CO

emissions decreases with the increasing ethanol proportion.
To sum up, the ethanol-kerosene mixed fuel can effectively
reduce CO, emissions on the basis of ensuring the original
spraying conditions, and the impact for CO produced by
ethanol pyrolysis can be mitigated by oxygen-enriched
combustion.

Figure 13 shows the changes of fuel mass fraction and

combustion reaction rate under different ethanol
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Table 3 Mass fraction of CO, Case CO, mass fraction, wt.% CO mass fraction, wt.% Alcohol ratio
and CO at the spray gun outlet
Base case 0.30 0.31 0%
Case 1 0.31(13.3%) 0.32(13.2%) 10%
Case 2 0.26(113.3%) 0.36(116.1%) 30%
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Fig. 13 Mass fraction variation of fuel and turbulent reaction rate under different ethanol proportions (a) Ci,H,3 mass fraction, (b) C,HsOH
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proportions in spraying process. The mass fraction change
of C|,Hj,3 is shown as Fig. 13(a). In base case, the kerosene
fuel exists as liquid in the first half of the combustion
chamber. Near the axial distance x = 0.05 m, kerosene
droplets begin to evaporate, and the mass fraction of
CoHy; in the combustion chamber rapidly increases.
Combined with Fig. 13(c), the combustion reaction
immediately begins after the kerosene evaporates into gas,
and the turbulence rate of reaction 1 rapidly increases.
With the increasing ethanol proportion, the viscosity of the
mixed fuel decreases, the intermolecular forces reduce, part
of the kerosene begins to evaporate after entering the
combustion chamber, and then is immediately consumed
by the combustion reaction. Therefore, Case 1 presents a
fluctuation peak for reaction 1 turbulent rate at the front of
the combustion chamber. The oxygen is exhausted in the
second half of the combustion chamber, the C;,H>3 mass
fraction begins to accumulate, encountering air from the
outside in the parallel barrel, and the turbulence rate of
reaction 1 fluctuates again. From Fig. 13(b) and (d), the
evaporate and combustion of ethanol fuel occurs before
those of kerosene fuel, which further verifies that the
addition for ethanol fuel causes the combustion reaction to
occur earlier and the fuel ratio in Case 1 promotes the
combustion.

Figure 14 shows the change of combustion reaction heat
along the central axis under different ethanol proportions in
spraying. The change trend of the overall combustion
reaction heat is similar to the reaction turbulence rate for
kerosene fuel. With the increasing ethanol proportion, the
heat release of overall reaction decreases, indicating that
the heat energy in spraying is mainly derived from kero-
sene fuel.

The Result Analysis of Particles and Fuel Droplets

Figure 15 shows the change of C,H,; fuel droplets under
different ethanol proportions during the spraying. As the
ethanol proportion increases, the viscosity of the mixed
fuel droplets decreases, and they are more prone to breakup
and evaporation. After breakup, the fine fuel droplets are
easily affected by the flame flow, and the distribution range
gradually spreads from the centerline of the combustion
chamber to the wall direction. As the ethanol proportion
increases, the more obvious the diffusion behavior, the
velocity of broken droplets gradually increases. The max-
imum droplet velocity of base case is only 23.23 m/s, and
that of Case 5 can reach 33.07 m/s. The maximum droplet
temperature of base case is only 496 K, and that of Case 1
slightly increases to 501.5 K. In other cases, the droplet
temperature decreases with the increasing ethanol propor-
tion, but the range of red high-temperature region gradually
expands. From Fig. 15(iii), both droplet breakup and
evaporation occur at the edge of the agglomerated droplet.
As ethanol proportion increases, the region for breakup
becomes larger due to the decrease in viscosity.

Figure 16 shows the change of C,HsOH fuel droplets
under different ethanol proportions during the spraying.
The fuel droplets change of C,HsOH is basically the same
as that of C,H,3.The droplet velocity maximum of Case 1
is only 23.86 m/s, that of Case 5 increased to 43.11 m/s. In
Case 1, the droplet temperature is low, and the maximum
value is only 352.5 K. In Case 2, the maximum value is
highest for 359.9 K. In other cases, the droplet temperature
decreases with the increasing ethanol proportion, but the
high-temperature range gradually expands. Compared with
C,Hy; fuel droplets, the high-temperature region of
C,H5OH fuel droplets is smaller, which is due to the large
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Fig.15 Change of C;,H,; fuel droplets under different ethanol proportions (a) Base case, (b) Case 1, (c) Case 2, (d) Case 3, (e) Case 4

specific heat capacity for C,HsOH with strong heat
absorption ability and slow temperature growth. The dro-
plet velocity of C,HsOH fuel is larger, which is due to its
small viscosity, strong fluidity, and more obvious droplets
breakage.

Figure 17 shows the temperature change of spraying
particles for three particle sizes under different ethanol
proportions during the spraying. The flight time of particles
with three sizes is obviously different. The particles with
the smallest size are obviously heated and accelerated by
flame flow, the flight time is the shortest, and the particle
temperature first reaches the maximum. And due to its
small mass and inertia, the ability to maintain the flight
state is poor, it is easily affected by external cold air, and
the particle characteristics significantly decline after
reaching the maximum. Table 4 shows the highest particle
temperature of three sizes under different ethanol propor-
tions during the spraying. The addition for a little ethanol
promotes the heating of spraying particles, and when the
ethanol proportion exceeds 30%, the heating of spraying
particles is restrained. In this study, WC-12Co was used as
spraying particle material, with the solid phase temperature
of 1580 K, the liquid phase temperature of 1640 K, and the

@ Springer

bonded phase Co with a melting point of 1768 K. To
ensure that the spraying particles hit the substrate in a
molten or semi-molten state, the suitable temperature of
spraying particles should be kept in the range of
1580-1768 K. In summary, when the particle size is small
(d = 15 pm), to avoid the ablation of the spraying particles
caused by high temperature, the fuel with high ethanol
proportion should be selected (Case 3, Case 4). When the
particle size is relatively large (d = 23 pm), the fuel with
poor ethanol proportion should be selected (Case 1, Case
2). When the particle size is greater than 35 pm, the par-
ticle temperature is poorer than the solid phase tempera-
ture, and the particles will hit the substrate in a solid state,
causing the low coating bonding strength.

Figure 18 shows the velocity change of the spraying
particles with three sizes under different ethanol propor-
tions during the spraying. The change trend of particle
velocity is basically consistent with particle temperature.
The maximum velocity of particles with three sizes under
different ethanol proportions in the spraying process are
shown in Table 5. Particles with larger size (d = 35 pum)
are less accelerated by flame flow, resulting in low kinetic
energy of sprayed particles, and the particle velocity range
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Fig. 16 Change of C,HsOH fuel droplets under different ethanol proportions (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4, (e) Case 5

is only 308-380 m/s under different ethanol proportions.
That causes weak impact force when the particles impact
substrate, and low coating bonding strength. The flame
flow in Case 2 actively effects the acceleration of spraying
particles. In other cases, the higher the ethanol proportion,
the stronger the inhibition effect on the acceleration of
spraying particles. This is due to that the acceleration of the
flame to the particles mainly occurs inside the parallel
nozzle, where the flame velocity of Case 2 is the highest,
and the acceleration effect on particles is the strongest. The
high velocity of particles facilitates rapid flattening after
particles impacting the substrate to form a high-quality
coating.

Conclusion

To practice the concept of green environmental protection
and promote the green development for industry, this study
simulates the HVOF spraying process using ethanol-kero-
sene mixed fuel on the basis of the existing spraying pro-
cess parameters. The ethanol-kerosene mixed fuel was
injected into the JP-8000 spray gun in discrete phase, and

the Kelvin—Helmholtz Rayleigh—-Taylor (KHRT) breakup
model was used to describe the breakup of aviation kero-
sene and ethanol droplets. The random distribution of WC-
12Co particle sizes was realized by the Rosin-Rammler
method. The effects of ethanol proportion in fuel on flame
flow characteristic, fuel droplet breaking and gasification
process and particle flight behavior during spraying were
explored.

1. The calculation result of flame flow shows that adding
a certain amount of ethanol to the kerosene fuel can
provide enough kinetic and thermal energy for the
spraying process. In this study, the ratio of mixed fuel
under Case 1 promotes the combustion reaction and
effectively improves the energy utilization rate.

2. As the ethanol proportion increases, the mass fraction

of CO, at the gun outlet obviously decreases, and the
mass fraction of CO slightly increases. This indicates
that ethanol-kerosene mixed fuel can effectively
reduce CO, emissions on the basis of ensuring the
original spraying conditions, and the CO, emissions
can be reduced by 30% (Case 3). For the slight
increase in CO emissions caused by ethanol pyrolysis,
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Fig. 17 Temperature change of spraying particles for three particle sizes under different ethanol proportions (a) Base case, (b) Case 1, (c) Case 2,

(d) Case 3, (e) Case 4, (f) Case 5

Table 4 Maximum temperature of particles with three sizes

Case Maximum temperature (d = 15 pm) Maximum temperature (d = 23 um) Maximum temperature (d = 35 um)
Base case 2009 K 1678 K 1483 K

Case 1 2073 K (13.2%) 1756 K (14.6%) 1516 K (12.2%)

Case 2 1969 K (]2.0%) 1690 K (10.7%) 1512 K (12.0%)

Case 3 1788 K (}11.0%) 1512 K (19.9%) 1350 K (9.0%)

Case 4 1618 K (119.5%) 1386 K (}17.4%) 1224 K ({17.5%)

Case 5 1253 K (}37.6%) 1061 K (136.8%) 918 K (38.1%)

oxygen-enriched combustion can be used to alleviate
the impact.

3. When the particle size is small (d = 15 pm), to avoid
the ablation of spraying particles caused by high
temperature, the fuel with high ethanol proportion
should be selected (Case 3, Case 4). When the particle
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size is relatively large (d = 23 pm), the fuel with low
ethanol proportion should be selected (Case 1, Case 2).
When the particle size is higher than 35 pum, the
maximum particle temperature is too small, which will
reduce the coating bonding strength. The smaller the



J Therm Spray Tech

Particle-1
Particle-2
Particle-3
Particle-4
Particle-5
Particle-6
Particle-7
Particle-8 0

Particle velocity (m/s)

Particle velocity (m/s)

0.0012  0.0016

Time(s)

0.0008

Particle-9

Particle-10
Particle-11
Particle-12
Particle-13
Particle-14
Particle-15
®  Particle-16
Particle-17
® Particle-18
Particle-19

—_
=
=~

® 6 6 ¢ ¢ 0 O
Particle velocity (m/s)

0.0004 0.0008 0.0012

Time(s)

0.002 (b) 0 0.0016 0.0018

Particle-20 0
Particle-21
Particle-22
Particle-23
Particle-24
Particle-25
Particle-26
Particle-27
Particle-28
Particle-29
Particle-30

T T
0.0008 0.0012
Time(s)

0 0.0004

—_
(2]
~

® & & & & & & & ¢ ¢

Particle velocity (m/s)

0.0016 0.0018  (d) 0

T T 1
0.0008 0.0012 0.0016 0.0018

Time(s)

T
0.0004

Particle velocity (m/s)

T
0.0016

T |
R 0.0008  0.0012
(© Time(s)

1
0.002

=
&

0 0.0005

0.001 0.0015

Time(s)

0.002 0.0025

Fig. 18 Velocity change of spraying particles for three particle sizes under different ethanol proportions (a) Base case, (b) Case 1, (c) Case 2,

(d) Case 3, (e) Case 4, (f) Case 5

Table 5 Maximum velocity of particles with three sizes

Case Maximum velocity (d = 15 um) Maximum velocity (d = 23 pm) Maximum velocity (d = 35 pm)
Base case 624 m/s 463 m/s 383 m/s

Case 1 616 m/s (|1.3%) 460 m/s (10.6%) 380 m/s (10.8%)

Case 2 636 m/s (12.0%) 496 m/s (17.1%) 388 m/s (11.3%)

Case 3 622 m/s (0.3%) 456 m/s ({1.5%) 389 m/s (11.6%)

Case 4 586 m/s (16.0%) 487 m/s (15.2%) 369 m/s (13.7%)

Case 5 515 m/s (|17.5%) 404 m/s (112.7%) 308 m/s (|19.6%)

particle size, the larger the velocity of the particle
when it hits the substrate.
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