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Fig. 1. Schematic diagram of the structure of the induc-

tively coupled plasma generator.
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Fig. 2. Meshing of inductively coupled plasma generator.
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(a) Non-equilibrium state; (b) equilibrium state.
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axis under the equilibrium model and the unbalanced model.

S5, AR R A A5 B AR I B (AR U
R T A AR N 2 R MR E A 1) T
S50, NLTE BE7 ] 525 58 BLS0 M BE f A3 1Y)
i S PR SRR A A A E AR . R, DATR
W BT NLTE BRI XHZ 000 H 3 B J I3 40 3 A,
AR TS | B s DR S T
HL I S R IR A 25 5, E— 2RI
B A5 B IRTE AR B R A W BRARAE S g
ARG R

4.2 FRESBRMBEERTHEHEZE

5 SR 1000 W, BN AR A 451
T, KA A AR BE 3 A Bl s [R] A8 A 72

miE 6 PR, Z RS AR AR
BRI B AR AR SR e A B AT SRy 5

A 3.04
(a)

12 + 3.0

10 @ 2.5
2 8 ©1 420 [P
L © 2 9
2 a o
B B S
g % g

[>r]

a ° o
| — |
[==) -~ o
— ~ —
< N

/(1073 m)

5 RN £ A R e R G AR TR A

/(103 m)

A 3.86 A 443
(b) (¢)
12
3.5 4.0
10 b
3.0 © | R*°
3.0
25 & g 81 © &
o o
S 1 O[5 ¢
20 2 ¢ =
I 2.0 &
E > 2
1.5 7 ’
4t 1.5
1.0 10
2+
0.5 0.5
v 0.3 0 v 0.3
-3
/(1073 m)
A 5.6 (M| 459
5.5
5.0
5
4.5
o ©
—~ 4
52 2 olf* <
o o
30 2 1 © =
< g 3
25 W =
2.0 5
1.5
1.0 1
0.5
v 0.3 v 0.3

/(103 m)

(a) 2 ms; (b) 4 ms; (c) 6 ms; (d) 8 ms; (e) 9 ms; (f) 10 ms

Fig. 5. The gas temperature distribution in the argon gas induction coupled plasma discharge process: (a) 2 ms; (b) 4 ms; (¢) 6 ms;

(d) 8 ms; (e) 9 ms; (f) 10 ms.
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SPECIAL TOPIC—Non-equilibrium transport and active control strategy in
low-temperature plasmas

Non-equilibrium characteristics analysis of argon inductively
coupled plasma’

ZHANG Hui? HAN Ning? MENG XianYf CAO Jinwen?
SUN Wenjin Y2 LI Mengtian Y2  GENG Jinyue! HUANG Heji!?

1) (State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics,
Chinese Academy of Sciences, Beijing 100190, China)

2) (School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China)
( Received 31 August 2025; revised manuscript received 14 November 2025 )

Abstract

Inductively coupled plasma (ICP) generators involve complex interactions between electromagnetic,
thermal, and chemical processes, which makes direct diagnostics difficult. To clarify these coupling mechanisms,
a two-dimensional axisymmetric model of an argon ICP torch operating at kilopascal pressure is developed
using COMSOL Multiphysics under local thermodynamic equilibrium (LTE) and non-equilibrium (NLTE)
assumptions. A two-dimensional axisymmetric magnetohydrodynamic (MHD) model is established, which
combines electromagnetic induction, convective-radiative heat transfer, and a seven-reaction argon plasma
chemistry mechanism. The LTE model assumes that the temperature of all species is uniform, while the NLTE
model independently solves for the electron temperature (7,) and gas temperature (7,), thereby accounting for
incomplete energy exchange between electrons and heavy particles. At a discharge power of 1000 W and a
working pressure of 10 kPa, the LTE model predicts a peak temperature of approximately 8200 K, concentrated
around the induction coils. In contrast, the NLTE model yields a maximum gas temperature of about 5990 K,
with the hot zone shifted downstream. The NLTE model reveals a clear two-temperature structure: 7, peaks
near the coil wall (~0.93 eV), while T, reaches its maximum downstream, indicating a pronounced thermal non-
equilibrium state where electrons are preferentially heated by the induced field. The calculated skin depth
(~11.3 mm) coincides with the region of strongest electromagnetic energy deposition. Species analysis shows
that the plasma core is dominated by ground-state argon (Ar) (>99%), while excited argon (Ar*) and argon

ions (Ar*) increase notably near the coil region, confirming that excitation and ionization processes are localized

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12535016, 12275019).
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within the skin layer. Furthermore, comparison
between the 5 kPa and 10 kPa cases shows that as
pressure decreases, the difference between T, and T,
increases, indicating enhanced thermal non-equilibrium
due to reduced collisional coupling. Overall, the results
highlight that LTE and NLTE assumptions lead to
markedly different predictions of temperature and
energy coupling at kilopascal pressures. The NLTE
model more realistically captures delayed energy
transfer and spatial temperature decoupling, offering
new insights into the electromagnetic-thermal-flow
interactions of ICP discharges and providing a
modeling reference for designing ICP-based high-
enthalpy plasma wind tunnel and realizing related

aerospace applications.

Keywords: inductively coupled plasma, argon plasma, non-equilibrium characteristics
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