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Abstract: High-velocity oxygen fuel (HVOF) thermal spraying is an emerging technology for surface modification with a low cost
and short cycle for preparing coatings that can deposit metal and ceramic powders on different substrate surfaces. The use of liquid
kerosene can save fuel under high-power outputs. Before entering the combustion chamber, kerosene fuel was atomized using a
coaxial stabilizer. The degree of atomization directly affected the combustion efficiency, which in turn affected the particle
temperature and velocity. The transient solution of HVOF spraying visually presents the fragmentation, evaporation, and combustion
processes of fuel droplets and more accurately reflects the change in the flame flow characteristics. Quantitatively demonstrating the
transient evolution characteristics of thermal spraying is important for optimizing the spraying process. Presently, most studies have
been carried out on the steady state in HVOF thermal spraying, which does not demonstrate the transient evolution of the multiphase
flow. In this study, a numerical model of the transient evolution of HVOF thermal spraying was established using a JP5000 gun. The

effects of the fragmentation and gasification processes of the kerosene droplets and flame flow on the flight characteristics of the

EE&WA.: A NHFERWIFR] (2023JH2/101300226); 1L TR KERERAERBEGIHIH (LKDYC202216).

Fund: Applied Basic Research Project of Liaoning Province (2023JH2/101300226); Liaoning University of Science and Technology Graduate Science and
Technology Innovation Project (LKDYC202216).

Wk F: 2023-03-19; BUCH: 2023-04-18; 352 3. 2023-05-05; B 3. 2023-12-15.

Received March 19, 2023; Revised April 18, 2023; Accepted in revised form May 5, 2023; Available online December 15, 2023.

SIAME: BIRE, 5, FUE, 5 BEEJOEBR (HVOF) ZARGIBIN LI L BURIE /4[], 2R TR, 2024, 37(1): 148-159.
Citation format: ZHAO Xiaoyu, LI Chang, LI Siyu, et al. Transient evolution mechanism and sensitivity analysis of multiphase flow in HVOF thermal
spraying[J]. China Surface Engineering, 2024, 37(1): 148-159.



511 BT, 2. B OEWER (HVOF) £ MV et HLEE X Ut 247 149

particles were comprehensively considered. The continuous and discrete phases were tracked by a two-way coupled
Eulerian-Lagrangian method, where the flame flow was considered as the continuous phase and tracked by the Eulerian method,
whereas the WC-12Co particles and kerosene droplets were regarded as the discrete phase and tracked by the discrete phase. The
realizable k-¢ turbulence model and eddy dissipation model (EDM) with the one-step reaction were used to express the flame flow
characteristics. The KHRT (Helmholtz Rayleigh) Taylor fragmentation model was used to describe the fragmentation process of
aviation kerosene droplets, revealing the interaction between the evaporation and fragmentation of droplets, flame flow, and particle
swarm during spraying. The effects of the kerosene droplet diameter, oxygen / fuel ratio, and reactant mass flow rate on the flight
characteristics (temperature and velocity) of the particles were evaluated based on the reliability theory. The results showed that
HVOF thermal spraying has the characteristics of highly nonlinear and transient evolution. The flame flow shows irregular turbulent
behavior from ignition to combustion and obvious regularity as the combustion proceeds. As the particle size decreased, the particle
flight trajectory became more concentrated, which was conducive to the heating and acceleration of the particles. The flight
temperature and velocity of the particles decreased with an increase in the particle size. The temperature and velocity of the flame
flow were high in the barrel, the particle residence time was short, and the heating and acceleration efficiencies were limited.
Therefore, the temperature and velocity of particles were low in the barrel and rapidly increased in the air domain, which was because
the Mach cone at the gun outlet played a vital role in heating and acceleration of the particles. Particles impacting the substrate in the
molten state produce significant melt deformation, which is critical for the formation of high-quality coatings. During impact, the
velocity of the particles should be as high as possible at a suitable temperature. This causes the particles to undergo significant
deformation at the moment of impacting the substrate, improving the bonding strength of the coating and substrate and reducing the
porosity of the coating. Owing to the effect of the high pressure in the combustion chamber, kerosene droplets aggregate to form large
droplets, which gather near the fuel inlet in the form of a suspension. The surface of the suspension droplets underwent fragmentation
and evaporation, and evaporation occurred in the same region as fragmentation. The influences of the reactant mass flow rate,
oxygen / fuel ratio, and fuel droplet diameter on the particle temperature and velocity were demonstrated by sensitivity calculations.
The combination of numerical modeling and sensitivity analysis is the most cost-effective means of optimizing the thermal spraying
process and provides a theoretical reference for parametric optimization.
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Fig. 1 Principle of supersonic flame spraying and
boundary conditions for computational domain
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Table 1 Process parameters and boundary types

Operating parameter Value Boundary type
Kerosene inlet mass flow rate / (kg / s) 0.006 7 Mass flow inlet
Oxygen inlet mass flow rate / (kg / s) 0.02 Mass flow inlet
Nitrogen mass flow rate / (kg /s) 0.000 325  Mass flow inlet
Kerosene droplet diameter / pm 3
Kerosene incidence velocity / (m/ s) 10
WC-12Co particle diameter / um 25
Particle incidence velocity / (m/ s) 10
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Table 2 Coding and level of influencing factors

Level
Factor Variable
-1 0 1
Fuel droplet diameter / pm D 2 3 4
Oxygen / Fuel mass ratio P 32 3.8 4.4
Reactant mass flow rate / (kg / s) o 0.0228 0.0285 0.0342

x3 MIAERITEER

Table 3 Random scheme and calculation results

Fuel Reactant . .
order  aroplet DB mass
No. diameter / ratio flow rate / K (m/s)

pm (m/s)
1 3 4.4 0.022 8 1558 346
2 4 44 0.028 5 1578 311
3 3 32 0.0342 1779 350
4 2 44 0.028 5 1520 455
5 3 3.8 0.028 5 1583 413
6 2 3.8 0.0342 1604 493
7 3 3.8 0.028 5 1583 413
8 3 4.4 0.034 2 1554 414
9 4 38 0.0342 1678 349
10 3 32 0.022 8 1795 375
11 3 3.8 0.028 5 1583 413
12 4 32 0.028 5 1822 341
13 2 32 0.028 5 1722 484
14 4 3.8 0.022 8 1770 291
15 2 3.8 0.022 8 1624 436

X2 3 BT 2 AR, 433 i AR Y
/€A EEVEpips s
PT =5127-87.7D—1034P - 78 5090 + 37.50D" +
111.1P> +14927670* -3158DxQ  (19)

PV =-45-72.00D +189P +19 4670 —
51.0P* —=7339540" + 6 798P x Q (20)

L, D EEBGREAS, P ORI E, O

IR, PT R, PV k4.

DURL Tl B2 A1, T Ty ZE MR ZE R R 25k
JETFI3HT o T3 72 3 W38 o LEASAN [ DR R A~ A
FBIMERVEAG — e AR E 2 Ty 220
HrSEs: 7584 U0 (S, RTINS L0 (1)
FEE, Wil 8 fivR, Pareto &M, fEFITJFE (19)
H, Dy Py Q R EA AR

Pareto diagram of standardization effect
(The response is PT)
Item 162

Factor Name

cc A D
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Standardization effect

K8 FriEAL A Pareto
Fig. 8 Pareto diagram of standardization effect

K T3 223 iond i B TR B M I, A8 L0
VER S ORI AT 70 A, DRSS 5 B
K4 MR Ty ZE o AT aE A, e POy B EK
F, P<<0.05 WA W F T, P<<0.001 At
W B E R F. LI (D, Py O). VI (DXD,
PXP. OXQ) I P {HI/PNT 0.05, UEW] EIRIGR
Pt IR . R 98.57%, #WITHAT4E R A
BRE R L 98.57%0 Ri=97.15%15 Ris =87.87%%K
K HAE, RUIZAR BA Bl gy, /I
L~ S W) R S R LA A v PO A B2
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Table 4 Variance analysis of response value for particle temperature

Source Freedom Seq SS Distribution / % Adj SS Adj MS F value P value
Model 7 141 593 98.57 141 593 20228 69.15 0.000
Linear 3 123 096 85.70 123 097 41032 140.28 0.000
D 1 17 861 12.43 17 861 17 861 61.06 0.000
P 1 103 058 71.75 103 058 103 058 352.34 0.000
0 1 2178 1.52 2178 2178 7.45 0.029
Square 3 17 200 11.97 17 200 5733 19.60 0.001
DXD 1 3629 2.53 5192 5192 17.75 0.004
PXP 1 4 886 3.40 5908 5908 20.20 0.003
oXQ 1 8 685 6.05 8 685 8 685 29.69 0.001
Interaction 1 1296 0.90 1296 1296 4.43 0.073
DXQ 1 1296 0.90 1296 1296 4.43 0.073
Error 7 2048 1.43 2048 293
Lack of fit 5 2048 1.43 2048 410 * *
Pure error 2 0 0.00 0 0
Total 14 143 640 100.00
R*=98.57% R%=97.15% R:.=87.87%
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Fig. 9 Residual distribution of response surface for particle temperature
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Fig. 10 Effect of interaction items on particle characteristics
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