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Melting behavior of in-flight particles in supersonic plasma jets
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Abstract  [Background] Nuclear high-temperature resistant ceramic materials have been widely used in nuclear
energy, military, and aerospace fields in recent years owing to their excellent thermal insulation and high-temperature
oxidation resistance. [Purpose] This study aims to investigate the mass and heat transfer process between plasma
fluid and flying particles in supersonic plasma spraying during the preparation of yttrium-stabilized zirconia thermal
barrier coatings, so as to reveal the process parameters of flying particles. [Methods] Firstly, the computational fluid
dynamics (CFD) approach was employed to simulate the interaction between flying particles in the plasma spraying
process. Then, a three-dimensional mathematical model of the plasma spraying flow field was established, and the jet
characteristics of different spraying parameters in the de Laval nozzle and the melting and stress state of flying
particles were analyzed by using this model. Furthermore, the online monitoring device Spray Watch 2i (Osier,

Finland) was used to compare the online measurement of the velocity and temperature of flying particles obtained
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with the simulation results. [Results] The comparison results show that relative errors are within 15%, verifying the

simulation results effectively by experimental results. When the spraying power is reduced from 71 kW to 36 kW

(i.e., reduced by 49.2%), the maximum velocity of the plasma jet is reduced by 8.5%, and the maximum temperature

is reduced by 22.2%. [Conclusions] A correlation between plasma spraying parameters, jet characteristics, and

melting of flying particles is revealed in this study, providing theoretical guidance for the precise control of high-

performance thermal insulation coating structures required for accident resistant fuel cladding in nuclear reactions.

Key words Nuclear thermal barrier coatings, Gradient supersonic jet, Fluid dynamics, In-flight particles, Mass and

heat transfer
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Table 1 Spray parameters of YSZ coatings

WERSH B Arii i H, it & CENAS WA PR S BES/y S UIES
Spraying Current / A Primary gas Secondary gas ~ Voltage / V Stand-off distance ~ Feeding rate Power / kW
parameter Ar/ slpm H, / slpm D/mm / g-min™'

N1 497 142 26 143 110 30 71

N2 430 140 20 131 110 35 56

N3 324 130 16 128 90 40 42

N4 300 120 10 120 110 50 36

Gas Inlet

In-flight Particles

1 (a) PAR/RIGEE R4S 20 BRI 5504 5 (b) S AR IR 5
R G4
Fig.1 (a) Computational model of plasma spraying with a de
Laval nozzle, (b) In-flight particles simulation in the de Laval
nozzle

1.2 SRR A

56 3% F I JEORL Y KR F- 9 YSZ 40K H oK .
FEATRIE SR FH 8 5 T 55 25 7 I 1 2 AR R
WELERD , HA T2 S8 W& 1. WEIFTLUEH,
M5 I 2 0 NT~N4 L I3 1 R IR R R R — IS
BIED . Hh, B S5 N1~N4 [ 1% B2
T A S % O L R S B B CE IR AT
BT A BUS I RTHE T , AWT FHR S50 AT R
TN IE AT NI R, fe 2R BT iR 56 o 1
A2 B N1~N4, B 25 W55 0 D) 36 1) 328 3 3 ik, %
FRATRLT A AT A -

2 HFER5TR

21 EETHERHBMSRT UTITA
2.1.1  BEABEOT SRR AR R

SEB AR PR AR AR A SR 2 T8 E A, T
VEASAAHE N BT , B AR 18] 7 A= v 15 R 45 F 9I0KE T
VRS A0 AR L B, TR S B AR SR . TRk
L ¥ S R T AR B R I A AL, B
B PR EHERIE RGRE . ARG, B
TR FE A I A, 78 BH S BEAR B LA FH KA H . iR B
SNy S R e S N B U .0 K W A R N ]
ELABI 8 5 R AR 25 B PRSI S R S IRE
FIBAR 75 B T 59T T EE R P P B 40 A 5 HE T
W RATRL B RATIRAS , & e IR E 45/ FD
PEfit. %2 8 CFD BT FE i YSZ ki1 (M FE &
PESB. 373 NPARIR G5 625 B e S AR U 2%
S SUE TS S Lo &

N ECER FEWER S ER SRR R T
AR, A AR IR W55 g 458 ) f) 25 B8 P18 0k T 20 R A

K2 YSZHTFHEEM S
Table 2 Physical property parameters of YSZ particles

130]

Wiy kLT 28 Spraying particle parameters  {{H Values
HRiFE A% Particle diameters / pm 10~50
J£K R Feed rate / g-min™ 30~50
WIUHIEE Initial temperature / K 300

2% Density / g-cm™ 5.89

Lt #4445 Specific heat / J kg™ - K™ 580

¥4 AR FE Melting temperature / K 2950
#5 % Heat conductivity / W-m™-K™' 2.0

090503-4



% AR

2023, 46: 090503

F3 PR ERR L E
Table 3 De Laval nozzle calculation model condition
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Fig.2 Velocity and temperature distribution of a plasma jet under different spraying parameters
(a) Velocity distribution, (b) Temperature distribution
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Fig.4 Velocity (a) and temperature (b) distribution in plasma jet under different spraying parameters

3500

@

3000

< 2500
2

E 2000
z

3 1500

21000

500

0 o

=20 0 20 40 60 80 100 120 140 160

X/ mm

m Plasma Jet
® Inflight Particle

&5

Temperature / K

24 000
(b)

20000 -

= Plasma Jet
¢ Inflight Particle

16 000 -

12000 1

=)
(=3
(=3
(=]

4000 -

O 1 1 1 1 1 1 1 1 it
-20 0 20 40 60 80 100 120 140 160
X/ mm

SRS TURSRHIRURDRL T £ AN [ BE B8 IS (18P 2413 52 (a) AT (b)

Fig.5 Velocity (a) and temperature (b) distribution of plasma jet and in-flight particles at different spraying distances
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Fig.6 Average velocities, temperatures, and drag forces of in-
flight particles at different spraying distances
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Fig.7 Average velocity (a), temperature distributions (b), and drag force (c) of in-flight particles relative to spraying distance
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Table 4 Comparison of average monitoring and simulation results of velocities of in-flight particles
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Table 5 Comparison of average monitoring and simulation results of temperatures of in-flight particles
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