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Fig. 1. Two-dimensional model diagram of inductively

coupled plasma torch.
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Table 1.  Basic calculation parameters.
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Fig. 2. Grid diagram of (a) plasma torch, (b) inlet, (c) coil.
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Fig. 3. (a) Magnetic field and (b) electric field distribution
in the 400 kW plasma torch.
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Fig. 5. (a) 100 kW, (b) 200 kW, (c) 300 kW, (d) 400 kW plasma torch temperature distribution.
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Fig. 6. Joule heat distribution in 400 kW plasma torch.
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4.1 FHENESITEIE
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BFLY-PGE-31S4C. I3 Tl AHHLXT e 45 25 1
AT R X R A PG, DBt ) SRAR AT L AR
BEUE, TR T AR T R, BN RS 5 5
FAREG AR R TGS, kb s
S SRS B2, SR FH 4R S AL S 15 o AR sk
b SRHE R 440 kHz ., R IIE N 100 kKW Y
TAERSHATILR:, 58 TR, TR
RIUIZET RN AR SR, BRBCA G, T
JETEVEA TR RGBT R 2.0,
HIAS 2 < 20980 Bk R AR IR, iIXRESEIR T 45 B 1
PRI IEGR T, Job RIS B T TG Ao
SR /N 1)

250 AR — B R, fE R E T,
TR Tt 28 5 FL s B A RS B ke i B N 4] 11
B, i) ICP i 2k s e XA LOmE X B
IR RS AR 5] — 28 X R R B T % T
TR, PSR PN I A2 R BRI Z AR S
o, MFECEREZ N, 53 AN Rt S B
FReEIE N, B RELGE S InRIZL, )

[—

B/
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TolARBL
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F10 e BROR S SE 0 FOR B8 A

Fig. 10. Schematic diagram of the experimental device.

K11 & ICP i EE
Fig. 11. Argon gas ICP discharge image.
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Fig. 12. Normalization of simulated temperature and light

intensity curve of discharge image.
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0.50—0.70 nm 5 200—1100 nm. % T IRNHE 445
B TR AT X FR B ARAE, DR i 2k — Ml
TERIAT. SERE R, AR RSk S W A B TR Y
FAXE AL B IR 13 s, K- BE B [ E S A
26.5 cm i B AL, TEAR W I, RSk i oL 47 B DA
2 cm AHF ) I ELRS Bl LA A B AR AR A
R W EIE A, MR sh B kAR AR B O 2k
8 cm AbRFIEIE B s, 51k, YRS E
(AR 5 A8 Rl 5 5 T A LR 4L A

B 13 JGiEse gt i

Fig. 13. Diagram of spectroscopy experimental device.
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Table 2.  Spectroscopic data of atomic Ar I spec-

tral line.
A/nm Ap/s Ey/eV Ik
912.3 1.89 x 107 12.91 3
801.5 9.30 x 109 13.10 5
842.5 2.15 x 107 13.12 5
922.5 5.00 x 106 13.20 5
826.5 1.53 x 107 13.36 3
14
— A=912.3
21 x—s015
10 } A =842.5
. — A=922.5
E 8r A = 826.5
=
s OF
2
L gy
w
2 L
0 //
-2

0 10 20 30 40 50 60 70 80 90
r/mm
Bl 14 AR [ AR RSO S 2 A1

Fig. 14. Radial radiation intensity distribution.
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15 B FERZMMAERE (a) r=30mm, T =1.103 x 10* K; (b) r = 60 mm; T, = 1.199 x 10* K; (c) r = 70 mm,

Te = 1.136 x 10* K

Fig. 15. Radial plasma excitation temperature: (a) r = 30 mm, T = 1.103 x 10* K; (b) r = 60 mm, Te = 1.199 x 10* K; (¢) r =

70 mm T, = 1.136 x 10* K.

095204-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

W8

= ] Acta Phys. Sin. Vol. 70, No. 9 (2021)

095204

12000
11000
10000

9000

X 8000

7000

6000

5000

2000¢ — i
3000 * S
2000 : y v :

0 10 20 30 40 5.0 6.0 7.0 8‘0 90
r/mm
K16 05 FRBE S LI IR B X A

Fig. 16. Comparison of simulated temperature and experi-

mental temperature.
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4) RRHRR ARG 55 B TR A48 TAERTTE
N 1Ak Pl 30 25 B PR SR A0, 7 A BH S ) TR
L 11 TR Bt D24 G T K
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1
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(0.01 atm, 4 J72=F-A)

Table Al. Thermodynamics and transport properties of argon plasma (0.01 atm, Thermodynamic equilibrium).
HE/K %/ (kgm™®) FEREI/ (T kg LK) ¥/ (Pass) PR /(Wom LK 1) R /(Sm)
1000 4.87 x 1073 5.21 x 102 6.94 x 107° 5.42 x 1072 0 x 10°
2000 2.43 x 1073 5.21 x 102 1.03 x 1074 8.04 x 10~2 1.09 x 10710
3000 1.62 x 1073 5.21 x 102 1.32 x 1074 1.03 x 10~1 6.06 x 104
4000 1.22 x 1073 5.21 x 102 1.58 x 1074 1.24 x 1071 8.44 x 10~1
5000 9.73 x 104 5.22 x 102 1.84 x 1074 1.45 x 1071 4.31 x 10t
6000 8.10 x 104 5.49 x 102 2.08 x 104 1.80 x 101 3.05 x 102
7000 6.93 x 104 7.48 x 102 2.31 x 10~ 2.61 x 10~1 9.17 x 102
8000 5.98 x 104 1.60 x 103 2.46 x 104 4.54 x 1071 1.60 x 103
9000 5.07 x 104 4.14 x 103 2.26 x 1074 8.48 x 10~1 2.26 x 103
10000 4.04 x 107% 9.28 x 103 1.51 x 1074 1.50 x 10° 2.88 x 103
11000 3.00 x 104 1.48 x 10% 6.99 x 1075 1.98 x 10° 3.46 x 103
12000 2.29 x 104 1.13 x 10% 2.65 x 107° 1.56 x 10° 3.95 x 103
13000 1.95 x 107% 4.96 x 103 1.19 x 10~° 1.06 x 10° 4.37 x 103
14000 1.76 x 1074 2.41 x 103 8.18 x 10~° 9.32 x 10~1 4.76 x 103
15000 1.63 x 1074 1.94 x 103 7.59 x 1075 9.86 x 10~1 5.15 x 103
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Abstract

Inductively coupled plasma generator is one of the core components of the near-space high-speed target
plasma electromagnetic scientific experimental research device, which is often used to simulate high enthalpy
and high speed plasma sheath environment. In order to study the discharge characteristics of inductively
coupled plasma generator under high power, radio frequency and medium pressure, the numerical simulation
and experiment are combined to study its internal heat transfer and flow characteristics in this paper. Based on
the local thermodynamic equilibrium conditions, the numerical simulation of large-scale radio frequency and
medium pressure inductively coupled plasma with a power of 100-400 kW is carried out through the multi-field
coupling of flow, electromagnetic and temperature field, and wverified by light intensity and spectrum
experiment. The results show that the electromagnetic field distribution in the high-power thermal balance
inductively coupled plasma generator is similar to that of the small- and medium-sized power plasma generator.
The discharge energy dissipation occurs mainly in the area where the induction coil is located. The temperature
of the inner wall of the quartz tube is higher at the coil location than in other areas, and the plasma has a ring-
shaped high-temperature structure. The outer wall of the quartz tube is set to be the boundary condition of
heat flux for simulating the temperature change of the quartz tube under cold blowing. This setting is in
coincidence with factual situations. The wall temperature of the quartz tube at the entrance and at the
induction coil section are found to be relatively high. When the large-size inductively coupled plasma generator
works, an obvious return vortex is generated at the entrance due to the temperature difference and the
electromagnetic pumping effect, and the exit velocity increases slightly with the increase of power. At the same
time, the discharge experiment under the corresponding conditions shows that there is found a ring structure
with bright edges and dark centers in the axial image of the argon discharge. Moreover, the emission spectrum
of argon plasma is measured through the spectrum diagnosis system and the spatial distribution of the
generator electron temperature is obtained. The light intensity of the discharge image and the electron
temperature measured by the spectrum are found to be in comparative coincidence with the COMSOL
simulation temperature result, demonstrating the validity of the numerical simulation results under
thermodynamic equilibrium conditions. The numerical simulation results in this paper are also applicable to the

optimization design and temperature resistance evaluation of the inductively coupled plasma generator.
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