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Fig. 1. Schematic diagram of the ICP wind tunnel system.
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Fig. 2. Computational mesh and geometry of the inductively coupled plasma torch:

and flow-field; (b) geometric construction of the ICP torch.
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FE—= K5 s PRI AEARE SO 7 A= 1 Jo
AR BT i A R o T T R

nr
we =M, Z (Vg,r _ Vg,r)
r=1

(21)

(22)

=) A)
AR

el (f) - I(5) |
J=1 j=1
(23)
2o, v B v B R Ay s TEIEATES r AR RO
A A 28, M ARE Y s FOBE IR i
Thr s il jARED R 5390

# 1 BEAFERNEER
Table 1.  Chemical reaction model of air.
r ALY A T; T, C, n 0, SCik
13 N, + S = N+N+S§ VIlw T, 7.0x10% -160 113200 [35]
- VT 22
i A 4—5 N, + S, = N4+N+5 tTib T 3.0 x 10 1.60 113200  [35]
(S, = N,, Oy, NO; 68 Oy + 8 = 0+4+0+S8 VIulw T, 20x102 -150 59500  [35]
S=N,0:85=Np, g 190 0,+8 = O0+0+5 TeTw T 1.0 x 102 150 59500  [35]
0, S, = NO, N, 0)
11—12 NO+S = N+O+S8 ToTib Ty 5.0 x 10%  0.00 75500 [35]
13-15 NO+S = N+O+S§ Ty Ty 1.1 x 107  0.00 75500 [35]
} » 16 Ny + O = NO + N Ty Ty 6.4 x 107 -1.00 38400  [35]
IR SN
17 NO+0O = N + 0, T Ty 84 x 102  0.00 19450  [35]
18 N2 + N+ — Nyt + N Ty Te 1.0 x 102 050 12200 [35]
19 0,"+0 = 0" + 0, T T 40 %102 -0.09 18000  [35]
20 NO*+0 = NO + O* Tir Ty 3.63 x 10%  —0.60 13000  [33]
F, 3 3 4 S 21 O + N, = Ny* + O T Ty 9.1 x 101 0.36 22800  [35]
22 NO*+0, = 0," + NO Ty Te 24 x 108 041 32600 [35]
23 NO*+N = NO + N+ Tir T  1.0x 10 093 61000  [33]
24 NO*+0 = N* 4+ 0, Ty Te 1.0x 102 050 77200 [35]
25 N+N = Nyt + e Ty Te 44 x107 150 67500  [35]
26 0+0 = O," + e Ty Te 71x10° 270 80600  [35]
B 27 N+0 = NO* + ¢ Ty T 88 x10°  1.00 31900 [35]
A L B R
28 0,+Ny, = NO+NO"+e¢ VT T 1.38x 100 -1.84 141000 [33]
29 Ny+NO = Ny+NOt+e VTTuy Te 220 x10% 035 108000  [33]
30 0,+NO = Oy+NO*+e VTTw, T. 880 x10° -0.35 108000 [33]
. 31 N+ e = N+e+e Te Te 25 x10% -3.82 168600  [35]
FHL il 488 L B S
32 O+e =  Of+e +e T. T. 39x10% 378 158500  [35]
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2.4 NEREE R AR

H TR o0 R Z [ A i B
Rl A8, AR INE 25 7 AR S-S RE L R BhaE L IR Shne s
FRETE AUACH, N T HERRAL LI SE Y RE A H i 72
R AT AH I ) B R SR 1 N BE S 3R, I H
TR B B 5 Bh RESC R Sy o TRBVBESCH R
Sintviv, FHLTREREAZHAR S, o VBN RE R IEITAS N
2| (2) b g | IR AT B ST E DT R
Bl PRSI FITHL T RE R SSHER S oty Sintvibs Simte
AT AR

Sintrot = QTR — Qrov — Qree + Q) (24)
Sintib = Qrv + Qrov + Qey + Q4 (25)

Sinte = Qre + Qree — Qev + Q@ + QF, (26)
K, Fohhe-i sh e g Qrg M Park!™ 45 i
M) ek B BE i SRR Qry B
Millikan F1 White 161 25 H (5 8158 54 3 AE-
FREACH R Qp.. Hi Lazdinis 1 Petriel™ 45 H i)
AT FahRg- PR BE R 2C % Qry M Millikan
F1 White 1 1 Park 8 25 H 98200 R oL FRE-
PRANBEHR Q, v H1 Landau-Teller Jy 21 (491,
Horp R 1R T AR 3 BE- FL T RE S R I (R AR 48
Kim %5 9 % Bourdon 1 Vervisch BU 25 Hi i 77 1
AT “Foihe-F FRESCH % Qr.. B Appleton
F1 BrayP? 25 H A A 23 R0 F IR g
B RN AR IR QN P, Q%, Qf H1 Gnoffo
85 03 25 B VRS I TR

2.5 imiRiEHAE
ARSCR M RO R A——Abe-Kondoh-
Nagano k-e B8 DU 2 BT ICP IR s Hs2m,
B E TR SIRE k FIFEHCR e s R T
opk 0

e oz, (pku;)

0 e\ Ok ¢ Ouj
- L I t 2 9
ﬁxj |:</’L+ Uk) BIJ:| +TZ] 8xj PE; ( 7)

dpe 0 0 e\ Oe
ot o, ) = gy K“* ag> axj]

au]‘

833]'

2
5
Cezfzp?~

(28)

€
+ CslflET;j

i b B T 2R

k‘2
M = Cufup?' (29)

AT R AR RN F
Cn=0.09, op=14, o0.=14,

C, =15 Co=109. (30)
SIS E )
A\ 12 5 R\2
fu= {l—exp (—31/4” {1+Rf/4 exp —(200> } ,
(31)
=1, (32)
X\ 72 2
fo= [1—exp <_§/1)] {1—0.3exp [— (;(;6) 1} ,
(33)

JJ:(:E’j? y* = (V€)1/4de/V7 Rt = k2/ (V‘S)a Vi%/j—:\‘ﬁ}
TIBENFHE, yyq 95 PN EET L.

2.6 HFFHMBERELE

2.6.1 ARFH

YT 1) FEEE T HIEA DL, T
VES AR BERETZY 2.4 mm BIFFEA, SRR
TARMPIRIRE T, = 300 K 10T M A S5
2) £ ICP JEH 1Ak, TAESEE N p = 10 kPa,
Al 2 55 F AH AT 18 P DO R e 2 T A (1 3
3) RS B TR RE T AL, DA EE L JCIE RS | oM
RN TG D) B B, ORE TR B R R A 7 R
Ty /On = Qmax HATHEE, HH g0 FINBETIAL Y
PR 4) bR b, SR AR B A,
Bl Qi = Qiji1, Q R . X FRERF T2
A, BRI E XA AN R (] 2(a) TR 2 =
~120 mm, z = 360 mm Fl y = 206 mm) B E 1
JERN] 2% B R S LA G S B AR R Ay 7EIX BE4M)
A ERERE, BT 100 kW 2455 912 ICP XU
(R B AR, Ry a B ), 05 10 kW
ICP XU i G 3 51 ih B (G ¥4 3E T 0 Wik
BL) M E, AR SCRY I 3 U RE S 7 S 1) AMIEEA T T HE
. il b oo = 0 AbFRATTR G AR B %
PF: Aig = Ay

2.6.2 HAAKMET &

XTI A i 5 R, A SR A FRAR R
X HHEAT Btk iR AR AE G M 22 5
EHXR, Ff8i MUSCL (monotonic upstream-
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centered scheme for conversation laws) #% Z0ff H:
TR BE B 2 KGR R PEICR ] ks B2 v
D2 TR, X AR E YR B, R
Hogw s, B 72 AEas ) i ek R i dh,
o LRI [E) 7 1) b e ATHE SR AR, BloAS SCR ] AU
A LU-SGS (lower and upper symmetric Gauss-
Seidel) B[] HE 1 5505 X0 it 3 7 R4l AT OR il R
)™ X e/ V%251 (generalized minimal residualal
method, GMRES) X {iii it 4z J7 Fe2H e 73K it

X T LR 0T R, AR SR A BR 22 43 okt H:
HEAT BRI, SR B o 22 3 1R R A
i, SR AR it 5 A D | B bR A 25 U5 1)
TR, WA R T E N 0.2, MREREE n B
n+1 EUEM A ARTRZE/NT 107 B, A THEIR
S R RN R, ASSCR FA FRARBRIE X T
PR AT RIEL, FIHHE S Bnia Ak A Tk AR A

3 #X5it%®

R A 100 kKW 223 ICP KU 7 i
BITHT (P=90 kW, m = 1.8 g/s, p = 10 kPa,
f=1.76 MHz) B E | L FIREE . RR 181824
J1 EEINACR | R | RO R EER
I3 VB EE B A3 A AR T b 5 R, B
ICP Wi 5 G A ke, It an i 58
FE 3 A A HIBLEE.

ICP HEH A Y B 2R o Y4 Fl LTS
M ENE 3 Frow, BT 26 P X A FEAR s (1) 41
TELRERE, M A B H T 5 25 SUFE I X el 2
SR TRGHE R A TR R TR e ) AR E A
LGSR L A e X S AR R T . T R
T RS 5 A I DX 3l e H S A
FEREOR FE RN, PRI R LT BH B R 2
() TCP il 3 76 8RNy 2 Pl X AR i, e K i 2
10500 K. BAh, KL 3 F i i £ oA ik vl LLE BH,
FERES T BT B T 5 A A R BE 42 . & el
(YT B3 0y 28 P DX ) 0 iR A 5 R L 4 T AR
FHEMMRKER.

Bl 4 R4 B sh s 5 R0 i o .
AL, S KA EAN RS — F%E = Bl e El 2 a], Ri7E
5 AR LU SR IR, IR 2R R S
A AL = A R R A IR 22— BbAh, 1Eshm R
Hh, TR IR T 0 43 AT R A2 BIE AT 25 TSR T
H AR~y 4E 7 R vh AR Bt i s U A

60

O O O Umin® Unax = —123:215 (m/s)

y/mm

O O C  T(max)=9912 K

T./K 500 3500 6500 9500

Bl 3 HETFIRIE N AR AR K () D
L TR I (R 2 A
Fig. 3. Distributions of streamlines and velocity vector (up-

per), and electron temperature (lower) in the torch.

60

40 £

20

P ! 1| | =
oF ==

y/mm

-20F

—40 F

—60 f

L P/Pa 10000 10020 10040
—80 I TR TSR SR SR
0

4 R T RIS (KA S S (TR
43

Fig. 4. Distributions of streamlines (upper) and pressure

contour (lower).

SO DRI, 21BN J5 7 AR A R T AR T 2 Fh R
218 DX T BB | IR G T AR IR R
LA Y.

K5 25 T il FAR IR AE 25 1 0 A IR 1E 2%
JIAE D e~ AE 5 R BB T RIS 5 B AN IR
Gy AOR g b da 181 5 AT UL Al ) 3848 2% ) e IR
JO7 2R V8 4 5 — 5 56 Rl 2 18] D IEAE, BRI 16 8]
A SR AR IR 2 P A R 5 A R R AR S A7
{6, BVAh a1 &% 48 22 71 5975 1) S 1e]. Tk T A8 1] 96 18
27 (K 5 FipsY), HERZ i, BT
UL BE TR 1] PO R 2R, X B DR R RSO AR
BEBE I A LA i P TR R 28 52 B 48 ) 25 8 1A
JE R RRZ A1 T, BAR I 2% ) B SR fE LAl
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00 Fu,

min: max = —2384: 4066 (N), AFy, =500 N

y/mm

B 5 BTy (EAEaRay) MARm A %L T (T
1) 153 A
Fig. 5. Distributions of axial Lorentz force (upper) and radi-

al Lorentz force (lower).

[ 3848 2% 1 B RAEL v 3.95 A%, UL 45 88 IR i 4
I gl A 128 L il i S i A% i A 22

K6 20t TAREIRAE 25 N (LR Ir) PR R
IS (R B8r) 0. WU, SRR
TR B AR BB 2T RO R AR L. X 3R
W], X T2 ICP Wish, #AT BRI g o fE
FE AR BIRAC2E IR BeAb, Fe ke 2% ik
X 88 1 A R B R B2 37 AT —E SR
—J7 TR, H TRk B Ll AT e A LA, £k
DX e A AR A AR H AR &2, o TR
PRI AR SR Y B AL R, HAF8 T
PRIE BE b U 2458 A v A1k, BE T JEE B BR ) 72
1000 K PAR, - BO8E i R i) i sh i R AR, B

60

000 Fiy

min:max = —16090: 0 (N), AFy, = 2000 N

40

20

0

g
g
~
= _20
—40
Sjoute(max) =1.4x10° W/m?, ASjoue=5.0x107 W/m?
oo s
—60
—80

K6 RmEEeE N (L) MEFTmHR (748
1) (9534
Fig. 6. Distributions of Joule heating rate(lower) and radial

Lorentz force (upper).

HLRARN, BRI, RAE R E RS EFIARIEN
BETA AR, (H i K AR H IR I ) UAE A BE T
b TR A A AN I 2k BB T R S PN RE T
3.5 mm Ab.

K7 250 T % B B N rL o B R 3 By
(B2 ) ) AR By (F2EER5T) Wi =L ]
Y, HL 375 R R S Y e K ME FL rR 3 0 BE SRR
2.9 1%, B LA % O 33t 545 30 1Y i, 37 58 32 1
By & SR B 1) FEE . AR S B TR
SR T AIE T IR A T TRERE By 7652 U BE 1
Wb RS, TESE AR T S A AL ARy
TEAE, 00 H 3 i S 3 R R A ) v e O
Az, T P37 DU 2 458 5 R P S F, R B 5
A= RN L3

60

(oMo Ne] By
in: —2110:144 (V/m), AE; =100 V/m

40 £

y/mm

B 7 RSB i (R B (BRRRAT) SEA Bp(T R
#))

Fig. 7. Distribution of electric-field intensity (imaginary

part Ey (upper) and real part Ey (lower)).

Kl 8 gt T A B FIARIE T LR B By (P
57) R FEUREE n (F2E34) 0. FEsi
YERE, B AER s Ae 2X JIVER T i 2 B
8l TE5 AN BN ZR BT 7 IR B A B A P
T 5.5 mm A0 F 0% FE A Bl i KA. KR F
LT RAE AR R 2R P X, HL A% n, = 1.0 x
102 m 3 Il 48 iy X 5 IE Y L R L By BT Ab A
BT, X R IERN B B X H h
BT A, BRI F TS TRETR Al
R LR B A VA R e X 0 A SR 7

& 9 Maha A E 2 = 68 mm Ab 11 HIr2 K
B BE IR0 A ARl 9 FIER, A F Rl oE & e
Fe B AR A 7, 91% MRS T e BT
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B RA N R, ZUR T N SR T O R
B oy < 30 mm ZHUCN R EE LA . FEE
SN A B L ER TR S AR A S AT SR B A
T e FIAE T OHIEE R/ EZ N 103, K
PO T —3, BERHAEES TR e k. TR
FRIE 42T ), BT gl B RS, Ao+
N, Fl NO 43 F I EE IR /- Bz it o th F45 8 1
HERERFFT (30 mm < y < 37.5 mm) IR IRER
%, B FILTEARRAAFE RN, PRI A 55 5
TARIEREAL N, O FI O, it T HE 2SR T

60

000

40 [ minimax=—21101144 (V/m), AE;=100 V/m

20

0

y/mm

—20

—40

ne(max) =2.1x10% m~3, An,=2.0x102 m~3

c
| .
9

13 17

0 50 100 150 200 250

z/mm

K8  HiFRE E(L) AR TEEE n(T) Mo
Fig. 8. Distribution of electric field intensity F; (upper) and

electron number density n, (lower).

100

10-1

10-2¢

103

Mole fraction of species

10—4 =

10-°

y/mm

B9 RN 2R B Pty (z = 68 mm) 25 UK AR ) B JR 43 5K
gl

Fig. 9. Mole fraction of air species along the radial direc-

tion at the coil center x = 68 mm.

P 10 S5 B U7 2l B2 R IR BE 73 A
P, S RH TR (9921 K) A RSFEhiE (8507 K)

B AR50 AN BN 2 VB T S A B AR A R
Ab. FE 60 < z < 85 mm, 20 < y < 30 mm [XIg,
HL IR (8500 < T < 9500 K) FoF-ahifE =4
1000 K, BPFEIZ X B AE B 1A A T #) 2E T Al
AR, FEREE TN Z R, B IR 5 TSR
FEFEAMSE, SURIRE T ~ 6500 K, BLHHIZ XIS
SERT (AN, O) HHFZ A RE A I A A
B IR VA, IS B RS TR AT
2.

100

T/K 500 2500 4500 6500 8500

Tyy(max) = 8507 K T

50 + OO0

y/mm
[en]

T

I

|

|

|

I

|
1S
1 g
|

|

|

1
/
|

I

I

|

|

|

|

=501 00

10 AFE T UOUE AT S (kAR R TR
(Fp8aY) o34 =

Fig. 10. Distributions of translational (upper) and electron-
ic temperatures (lower) in the torch.

4 % b

ARIET Z YR E RN TR T =X
ICP Jiids 5 M5 1) o A etk SO AH B AL,
R ARTE T 100 kKW 2% ICP 4N 255 1
PRI BN I FL IR P SIRE OR R R A3 A L K
JE RS IER2E T R E | R EINRE S
B oA L, RS & R

1) FEHES T 558 1B vy 2k Bl 2 ] B TR
SRR, IR I SRR A P X 7 R A B A e,
IR AR KR, BRIIRIE2E 1T MR Z N
70 U0 B R P 2050 R A R T B S A B ) PR LR
Lz A F5 1) ICP 4 Al I8 18 2% R, HAR
] Y 48 2% 77 04 5 KA Ll ) 9 42 25 71 5 3.95 1%,
R B AL AR 3 28 S0 F IR H A
A SZ AR [ AR 25 T S ).

2) HL 370 B By 9 A KA L R 35 B S
B Eg BIK 2.9 £%, UHIGERS B 22N
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TR AL AL A T L ) FL g R 2 A AR
TRA LT, AR PR 2R B T T R S A
B ARHE N BE T 5.5 mm &b [ R AR B IR
FE KA.

3) 2 AL BRI R I T 7 R A TR B ) B i T
BRI, SR 50 A it AT B AR T T
91% HIZESTTAETRIZ T BB ik N -, N AT
O JR FIER IS y < 30 mm Z RNk EE M1k
Sy AR UAEAIAS B 25 ICP e K HL I
(9921 K) FEFaEE (8507 K) ¥HEifess —
JERIV 2R B T SR A B TR RETAL. 7F 60 mm <
r<8 mm H 20 mm < y < 30 mm X, HF
T LU SR R 2 1000 K, W shab T 2%
IR, SRR SET FP 2R B, R FIRE S
TSl AR S (2950 6500 K), FEIXIX k% <
FhR 5 22 A A BE RS AL T Ry Sl -y

B E B M AR AR R — S B
MLTE B8R 55 2 5. I8 B A 52 55 A0 25 W 52 JF R AL A
Kazuhiko Yamada 258N 5 1.
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Abstract

In this paper, the inductively coupled plasma (ICP) wind tunnel, which is widely used in the development
of thermal protection system for reentry vehicle in the aerospace field, is studied. The distribution properties
and the interaction mechanism of the flow field and electromagnetic field are investigated by numerically
solving the multi-physics fields coupling among the flow field, electromagnetic field, thermodynamic field and
turbulent field. In the numerical simulation, the thermochemical non-equilibrium plasma magneto-
hydrodynamic model is used to accurately simulate the high-frequency discharge, Joule heating, energy
conversion, and internal energy exchange of air ICP. Finally, the distribution of electron temperature, particle
number density, Lorentz force, Joule heating rate, velocity, pressure and electric field strength of air plasma are
obtained through the multi-physics field coupling calculation. The results show that the plasma flow is in a
thermodynamic non-equilibrium state near the torch wall in the induction coil region and that the Lorentz force
plays an important role in controlling the momentum transfer. A strong eddy flow occurs between the inlet and
the second turn of the inductive coil. The eddy flow has a close relationship with the negative pressure gradient
and the electromagnetic heating phenomenon in the induction coil region. The radial Lorentz force is always
negative. This indicates that the free electrons are generated near the wall due to the fact that the skin effect
are always subjected to a force making them move to the central axis of the ICP torch. The maximum value of
the radial Lorentz force is 3.95 times higher than that of the axial Lorentz. This indicates that the momentum
transfer is predominantly radial. The Joule heating effect of the air particles is also affected by the radial
Lorentz force. The maximum value of Fj is 2.9 times larger than the real part of electric field, Er. The positive
Ej is generated by the free electrons inside the plasma. The number density of free electrons reaches a maximum
value at a distance of 5.5 mm far from the inner wall surface of the torch below the second induction coil. 91%
of N, are dissociated into atomic N near the central axis. The maximum electron and translational temperature

simulated in this paper are 9921 K and 8507 K, respectively.

Keywords: inductively coupled plasma, electromagnetic and flow fields, nonequilibrium, numerical simulation
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