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Fig. 1. Schematics of (a) non-equilibrium model system and (b) major application fields of arc plasmas.
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Fig. 2. Schematic of different numerical simulation models for arc plasmas!
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Fig. 3. Two-dimensional distributions of the temperature
and flow fields for a free-burning argon arc (Operating pres-
sure p = 1 atm, arc current I = 200 A, electrode gap spa-

cing L = 10 mm)b!.

1) TAER AR EE: Hsu Fl Pfender(s!
ISR, HIE IR X S b TAE SR BT &
WSCAR , AT B0K 308 118 18 DA TR ISP 0 St 3 1) e
ik, Wang &5 O] 47 7 KA I8 5544 T R 5%
R T HL OIS B 1A A 25 T 2 RS PR B U
B SCE ST, BB 1 F1 0.1 atm (1 atm =
10° Pa) s 4T 1Y He 9N 37 AL BE 3 79 A 8 AR AH
I, (H7E 0.1 atm 504 T IR AR MER B 7250 &
J&&, T INE e A T R 2 S B0 1 Ak R I e v TR
Fh o) 3 B 18 K. Kovitya Ml Lowke iff 58 7 A~
[R5 3 I G A FR A58 L I 1 T BB 2 1 i s
P, 255U, Rl A IR B 38 R, I rpls X
JESBA TR, BITARTRY &, il d s 1G5 1
/I P Y 2 R D) 2 0 2 R AT B DX s 45 8 1
AR N e R X g B AR X4 S AR ) 5
M DUAR /)N 6 - PR BE L BE I TR 4 SR 5 50
M EAEV) & B A

2) HLH S5 44 5 (R BE 952 : Siddanathi 45 66
WA THEIE ¥ 4e e | Vo [RAEIE B AR B B A =X

PRI 45 Fe 0k A 2 B IR A5 2 1R R AR e AL I 5
SRR, G5 R, T SCEEE IR N R
AR IR IB AT, AN IR 2548 75 B e AN [ 1Y)
SIEL S 7K, LS St S A 2 30 5 v A BB %, T
PH AR T AR 7 52 i D) £ °F- L6 Nishiyama & 07 %)
I v A BE RS2 A T T BUERI ST, LY
BB I St £ B Ry AB°RS HL S 20 AT e S R, A5 A
TR IR e . Cao 45 P31 XK 3K 200 mm 1@ %
FEHUIIURA PR AT T BUE B SE s i 5%, 25 3k
HH, F R R) B = 5 ] PR B3 SRR S A i
XoF B BT 31 P A5 285 —F AR B 3 43 A WIS AR/, L
KEERS NS B PR HA M LA i sh R e, 1R
G347 B BB A AU 45 SR 5 S 0 1 45 R W) R A
W &5 681 B T R 9 . BHAR 08 Al i) B H
SRS B TR, K BUAE e A B L B 2 [R] 23 sl
Ti) P N R A L2, FL 1B AR A SRR 2 b
A SIICERL S8 118 18 DR 8 Fe B ) B8 P i/ IN 7 - 55

3) TAES AR B o0 FN 3R B 52 Lowke
GBI T R AR - 2R A AR KT 1k
FefE, BIASMINA & FECAREE KR
LR 1 s, O A5 A B A s IR DXl 4 . b,
Villareal-Medina % P fgtfF 58 R B, AN [ A4
A RAE TR P R E A X 4R
SR AR Oy S AR R e, EAR R
JHRCHL A B AE B R 3R | R R I R AL
Syia v TS BN R], DT 26 AR R i 4
iz FEPE P A R B . Wang 45 53 FLAS TR
RAME T =R TSRS T TR
SN AAHE P25 P 1 55 B AR sh AL Re b 115
SRR, [FILA IR AR e, SRS R R
FEAZ O X A B IR B B, HL ) sl B e K, H
e A% T A0 A 3 BE I R AIR. Murphy 55 28] fifF 5%
RI, BRI AR AMARE A5
N2 5 PHAR AL A BRI RT3 2 B, T S B P
TR DX 3R ) 5 AT B T i L T AR R
JERE K. Long 45 09 fyifF 5 45 W KB, 78 /R 5E
BT RUIR R rh, SR RGNS 5 | B
AT H I B 5 5 MR 0 A R 1 2 ARk
AR 1) e AEL 1A 235 ()7 B2 B S0 O 38 A T 1)
MU Sl [RIA, AC0 B 3G 5 2 0 L I A A
A= BRI R4 RO, 5 R T R U (5 e IR
S RAE LT, IR T IR R 2 &, DTS B
BRI R BT S R 1 R

090501-11


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

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090501

4) HLIR 42 JB 2R A5 Xiang 45 M A58 T
B4 B 28 AN R L A B IR S R s, 2
KW, 78 400 A IR T, BAGEES FE
AEAET BRI b 5 RS AR B3 DXk, A I DX e 3 )
AN, AEATS 2 S 350 He IR R o 300 28 B 110 B 3
RAARR, AT 125 B0 b TR B AR ) S 2508/ S. Wang
S T 20 HRIT T & S R U e i 2k 7%
SFEIR, e IRk 78 AN ) BIR 7R 5 3 978 S ) X B
2 Bl G IR b 2% 1 ) PR I 285 A
AR RN R YR, WA 0.5% 1)
ARG, RN 2t 2 iy v 3t 285 B R A
WP, ISR INAAR IS, Gonzalez 457
FIRIEFE NI, [ gk be e I ly T PR R & A
()42 JR 28 23 b 3 M R AF B IRy i e 3 R
SRR ), 535 PR B 4 B T AR IR B KA, F
T S 23 L3t A s el BEAR A e} 9 28 %, fifi 75 P AR
BRI 9 4 R 28 MR B RIS, Xt IR A, WA
R B AR 28 K, BB ] B 2k s T 00 BH AR
B3 114 48 B AL BE

5) S B TR R AE AR AR P S TS i — e
Chen 1 Li &£ %F B AR L £% f ol 55 5 PR &k A=
i N HR WS I X = e R AT T RN RS
BB RIS 7 X TR Y ek < L B
B SRR LTS5 H 1 B AR B A T
PR R A2, Li 4538 1 45 78 FH AR &1 BE T Fo A A% 3R Y
HIFSAE, 310 Steenbeck 38/ NF R T
BERR AR )l ) AR ] [ o7 8 R FLAI ) =4I 4R, A
T TN 1 2 A i PR S O AR SRR iy 30 s o 11 = 24 %
N, BAEAR D45 S 55 S 00 AR P — 30 76 ™). i phy
TFEEB TR A A% 1 BB B 3 A ) =
HE53AT, LASSE R i A5 B PRI v 25 R A rh 3
M E A, FE 5 B ARG X RIS A B 1 —
YRG0, WIS M Bl 28 AR A B IR 92 21 5 i 4
DR, S5 M i J2 o (7470,

AT E B R, A T S AR R e
FEFE AR A BTN A SRS B AR IR R RIS
PSRRI, (L T ARV B T BT A R e TR A
T FRBE VA AR 2 ST I A AR A B 2 i AR
FAEONE , AT ol A 5 (B P 3 3 55 SR 5 S i) o
SRR Z BIfEE—E S, wln, SRV ik
RIS B ) DI F e (3 2 Il 25 52 56
S (E, H— AT SR DR R RSP A AR (AR U 2
WY PR A A2 DX g LA R, A B A IR e

R IR Xy Fi oz 0L TR, L 45 190 4%
T RS AR A R AR BRI ) S S TR SR,
TR T ik — 20 25 R e B o 30 55 8 AR
RV B0 AR 2 3l T B AR AR A2 Huang
GBI RE T AR WA Y, BT T BRAE
RN B TR A AR N TR AL S T s 7,
S T AR N 11 kHz B9 BHAR SR B 50, (H i
T A 2 U AR A 3] ) AR A 0 S R TR
([N VA NN 5 6 X G EI TN ERA R
) 2t {8 i 5. TS, Huang 55 B2 i — 5o FHBCH
ARl AR AR R TS B FR AR L Tl BE , AT
FL A BFFIE X IR AS AR LTE A58 5 vy LS il 3r
SEPRIYAE B TR TR, RO R B T RN
TR A A A S AR L 7 R R 7 Y K
BAUTIIRTE . Xt — 2B U] 1T AP S
SIS B T PR B REALL ) i B

3.2 FFEEHESBINEBSFEYERFEAR
R

Bl 25 TN KA R £ 5 R T e | I 2 )
A7 o 2 S 5 TR S AL 5 0 M I FH 4650 3 174y P
Jie, BB A AL A 9 X B H R BRI X
T2 AN W ] =~ A 4 3 98 DXORI R Al i S22 IX B
J&. —J7 T, TR SRR SRS RS
W TH [H) 42 2% B AH EAE ok S DX Il rp i 4 8 1A
EATRALT LTE R, 24 2 LCE. QCN i
B, TR W AR P AR, 50—,
NG B R A% O S AR (T, 5 T,,)
HL TR (T,) FUBUR S (ne) . 55 B TR AET-i5 X
PRBURNAE A B A 25 [ B 5, N5 45 B AR R
RN - B - R R AR s AL DA OG,
T HL 23 B350 ) 55 2 AR TE A oK ARG 1 A5 i
ZR N FRCR. L, e AL, H
M 38 %) B oI55 8 A 1) A - i R PR R T
TR EBEERIUNEIE TAE. EF XA A X 355 5 7
PR FIEHE R, AR 1 v g (R P AE
DGR, IELS G MR R T T R A B A
VA U R s AL SRR P BUE RIS, H 3
BERH A E R B 2 il 5—s.

A 25 A B R B A AU, AR A
S5 B IR BB AL R R T 2T A M s i S
B AU 55 B TR s R B S 5T R T
Devotol2 0l Il B FHF 5 EN T AR S

090501-12


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

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090501

fRFRAOTHE T, M LTE &5 IR HE 3 7 30
TR 25, KEM Pfender A 5T 4 | % H

) Fauchais #5320 . S AF)E A Murphy #5240

B KFIH Colombo 7T 4H L K [ i S ¥ . 1
W% ZEHPY | E AR SE AR T R T Axlss81))
02[85]7 He[86]7 SF6[87]’ Ar/NQW, NQ/OQ[sg]’ C/O[go]’
CF;N/CO,/ 0,1 Fl SFy/Cul¥? 45 L Fh 45 25 1 (K
FEXUREE S5 B 1S e BTS00, gy T Kt
Bl e, AOBURFE A T AR S5 B AR ) BUH
BRI R T LAl A .

32.1 ¥ & FHRINAER 2T-LCE 4h 2 4%

T 2T-LCE #i% | Chen 45 18 51 % B i
F, IR 249 B TR P A X ) A B 5 3 sl R R AT T
YeBUE A PIBF ST, LR E W, R E BT
12000 K 1 HLIREE B RO X, L iR S R
IR E S AR A5 T 7 H I 25 R 30 PR i T
T A X8k, S5 ORI B E S LTE R, 7
TR 5 EA R 22 R RR. X —I RS RWER
ROFREE 1 ZRBH, XU B I AR AR B T 0 e A
P SRR 1 . Hsu A1 Pfender 1,
FET-E A FLDTURF AR RIS 19 At L, i — 2598 T K
SRR A AR IR IR RE . A 4(a) 45
B S 1 i YA = a0 1 B e [21B o  Q| = )
ST DB R, LR B R SR A EAE R

SRS X3, H TR A i T iR R, S
TR B e LTE R, Trelles 25 19 43 51 i
LTE-LCE Al 2T-LCE &A% B i 9F 7% % Hy J1 4
BTRE A g NI =4 | AR E WAL IS T shid i
PEAT T BUERAUI ST, 45 R, S E PR 5%
SRR LA FH DX 3 L K BH R B 1 B 30 Y A7 AR 2
H AT AR X, 5 LTE-LCE BRURTH, 2T-
LCE 5 R J6 75 45 4 P B G B A RIAT A H 7
IRE N R R, IF A BRI E R R 5 K
KEER R, H 2T-LCE BRI 1525 5 -5 5050m)
EEERAWE ¥ S, Bhigamudre fl Trelles!? LA
B ECRE BOX A TC i S EO AR 1, X
AR SR AT R E T T R4
MBS, fa7m T 1 TAESEURILRET, i TR
e T FEL IR 14 5 2 AH EAE BT 5 B B TR S
SRR | FLORTI R | P A B DA R 55 8 (A
Tia] 3K 38 77 1) 119 Pl ST 5% AR 1 S 45 17 A8 Ak R A
Charrada 55 P4 57 1 A 5] 9 H, 3 A1 T AE SR XS
SR HLIKT ARk A i, 285 SR A b
o T DX R A L I3 5 X 230 TR ) 2 A 2
HLFEE IR ol TAES R IR, 258 Pkt —
S LTE RZS. 1 Haidar® 78 [ fBREEIRAEF
BPEER IS T 2 BR, TR BB AR B K
AP A B X, TP X 35,
HL I e T R IR

p=1atm, L =10 mm i3

(a) I=200 A, ]
.T
i
i
i

z/mm

(b) I=200A,p=1atm, L=>5mm

— Tocal (103 K)
=== Thyear (10° K) |

z/mm

B4 (a) RJH 2T-LCE BERLTFFE A5 3 B A by B4 Be HL 90T 8 A vl vl 3R 32 0 0y I 88— 2 s ) A M 5 S 6 ) ek 495 2R 0
FEE 0T (b) AR AR T 5000 K I R 4 i FL 15 FORE 1 ) R F3k 490 24 0 12 TH A48 B A 45 1 (R DIOAE DX ol 115 DR TR 4y
A [ 09 Ak, PR 1,5, 7, -, 21 SR TSk IR RS B IR B A 14N, BT <57 2Rom BT R i i T B TR D 5% 10° K

Fig. 4. (a) Calculated 2-D distributions of the electron and heavy-particle temperatures, as well as comparison with the experiment-

al datal'; (b) the calculated electron and heavy-particle temperature distributions with an artificially increased collision frequency

between electrons and heavy particles when the gas temperature is lower than 5000 K in a free-burning argon arcl! based on the

2T-LCE model. Here, each number such as 1, 5, 7, -+, 21 refers to the temperature value of the corresponding contour; for example,

“5” means that the electron temperature or the heavy particle temperature of the corresponding contours is 5x10% K.
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Fig. 5. Calculated radial distributions of the heavy-particle temperature (7}) and electron temperature (T,), as well as the corres-

ponding thermal non-equilibrium parameter () for argon arc plasmas using (a) 2T-LCE model and (b) 2T-nLCE model, respect-

ively. Operating parameters: arc current I = 100 A, pressure p = 1 atm, electrode gap spacing L = 8 mm[0.
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Fig. 7. (a) Schematics of the arc plasma system and (b) flowchart for numerical modeling based on the multi-region-coupled non-

equilibrium fluid model®*12%],
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Fig. 8. (a) Modeling results of arc temperature distributions on the base metal surface, (b) arc morphology of welding, and (c) weld

morphology of base metal under different magnetization directions!
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Fig. 9. Anode arc attachment velocity and maximum anode surface temperature under (a) different gas swirl injection angles and
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and heat flux density at the wall stagnation point with pressures?.
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profiles of the electron and heavy-particle temperatures and electron number density along the geometrical axis of the arc plasma

generator using the solid and annular anodes('22,
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Fig. 12. Control of morphologies and particle fluxes of arc plasmas with the aid of external electromagnetic fields: (a) Separation of

macroparticles and cathodic arc plasma using an open S-shaped magnetic filter'3; (b) control of plasma arc jet shape and regulat-

ing ion current distribution to substrate by using a magnetic trapl'30132,
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Fig. 13. (a) Schematic of a hybrid arcing torch, and (b) variations of averaged arc width and arc pressure peak value with the outer

free arc current!3.
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Fig. 14. Volume control of arc plasmas: (a) Schematic of a gas focusing plasma arc welding torch; (b) the images of arcs and their

corresponding weld formations(*%,
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SPECIAL TOPIC — Non-equilibrium transport and active control strategy in
low-temperature plasmas

Research progress on numerical simulations of non-equilibrium
transports in arc plasmas and active controls of
key plasma parameters

ZENG Yunhai ZHANG Ziming FANG Chuan LI Heping'

(Department of Engineering Physics, Tsinghua University, Beijing 100084, China)

( Received 25 December 2025; revised manuscript received 25 January 2026 )

Abstract

Arc plasma, characterized by its high energy density and abundant chemically reactive species, has wide
applications in numerous fields including energy and environmental protection, aeronautics and astronautics,
advanced materials processing, and national defense. The non-equilibrium feature of arc plasmas is one of the
key factors influencing the scope and effectiveness of plasma applications. Taking a direct-current (DC) free-
burning arc as a model system for studying non-equilibrium synergistic transports in arc plasmas, this paper
provides a comprehensive review of the state-of-the-art of numerical modeling of transport mechanisms and
active modulation methods of key parameters of arc plasmas. First, the development of physical-mathematical
models and the related research progress of numerical simulations for non-equilibrium transports in DC arc
plasmas are summarized, highlighting a shift in research focus from local thermodynamic equilibrium modeling
for the arc column region to considering thermal, chemical, or even electrical non-equilibrium effects within the
cold wall boundary layer and/or the plasma-cold gas interaction region, and further extending to multi-region-
coupled modeling with consideration of the arc column, electrode boundary layer, solid electrode, and external
circuit. Consequently, based on systematic discussions of the synergistic mass-momentum-energy transport
mechanism and its influences on the characteristics of arc plasma systems, a summary of current active
regulation methods for the key parameters of arc plasmas is presented, e.g., with the aid of geometrical design
of plasma generators, variation of external electromagnetic field configurations, and adjustment of operating
parameters. Finally, the key scientific issues for promoting fundamental research and industrial applications of
arc plasmas are discussed briefly, e.g., development of multi-region, multi-phase coupled numerical models;
high-efficiency numerical methods with high spatiotemporal resolutions; high-efficiency chemical reaction
pathway screening methods; reliable databases for chemical reaction kinetics and related thermodynamic and
transport properties of plasmas; and even creation of a new research paradigm for analyzing complicated mass-
energy synergistic transport mechanisms and for developing novel arc plasma sources with desired parameters

facing various application demands.
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