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Basic Study on Flowing Two-fluid Equilibrium and Stability of High-beta
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The nearby-fluids ordering solving a singular perturbation problem in
axisymmetric two-fluid equilibrium equations gives rise to a pseudo Alfven singularity. We have
developed the two-fluid equilibrium code which Eerforms a high-speed, high-accuracy computation
without this ordering. In this code, the equilibrium equation for the electron fluid can be solved
by the multi-grid method (MGM), a high speed iterative method. This code is applied to boundary
conditions of the spherical tokamak device, NSTX and the convergence properties of the numerical
equilibrium solution are investigated. The MGM with the damped Jacobi method in the smoothing step
is effective for solving the two-fluid equilibrium equations with numerical stability, high
accuracy, and high speed.



B X C—19, F—19—1. Z2—19,

1. WFZEBIE Y DY =
TITRDNFEREEBT HHERE L
T, T T X~ ORFEFEE LI O fckéhE
FIRAE L L COFHIREBZFND Z LI1THE
EThdH. LoL, Miodbd 2 mEkET v
AW RARITEE CH T2, =
NETHORN SN TW o T2, i,
Steinhauer & A4 [ &3 Taylor OFEFIEERG O
I C& 2 WS IRBLNL (FRC) 7T X~ D
DO EME AT 57201, 2 Wi
B A BB L7z, F72, Mahajan & EHGIE
BT T A~ XD IEFET T X< DA
W2 LR T 572012, A—AERE2EE
L7 ZHALV T IR AE L. &
OICHE O IE, S DOIEETE L R — LV
DN R % [ 2 G A 72 - 05 2 R o0 B 1
P % BLEGHEAT L, ROFIET D&%
RO, TICHESW BB 2175 2 & T
MHD TIE#HT 5 Z L DO TERWH= 720
N&Ho57 7 X<d v A XV
ML, Lol, LitomsEL-MinsE
B EBRIEEICHEA L2 s A L <,
FBr L BERAENT O FE 7R LR B S LT
5.

2. WHEOHEM

I T, BX—Z At T XA~D 2
TRRKEFI O ERRERE 2 B & 2T 5 7201,
RIEDEBROERIZL VBN 7 0 —#
B, Wehn, IR, B, BE, EHEoT—
Z LA R RS R A RIS e T D, 2 iR
HRNLT T A~ DR —VE LIKIEL, W
A ARG A—=He=[/L (ZZT, LIZA A4
Ax ) DRKEWVITE, 2 BIKETLOfif
WSR2 5. T A —HF gf—fKIIC
0.03-0.2 FRIET/hE L, Pl HRRACR TR R
EE#EICR D, ZOMBEE R 570,
Z #UE T nearby-fluids A—# U 7 L9 F
EEHNTWEDR, ZoF—F 1 v 7
727 vy = E TR S ZAE L ST D,
Z OMEE R LTl = — R & 7= 12
T 5. B L7 = — RIXEN O QUEST,
HIST Z0dE@E 105 A L, FEEBRE R & ik
FEITV, T OB OMEE Z2 FEIC B ST
THZLICHEET S.

3. WDk

nearby-fluids4— 4V > 7 & WS, &G E
BT 27207 )y FEEZ DT EITh
LN, FREREEZLELTDH. EIT,
Ol 18 fi# 75 T & 5 Multi-Grid  Method
(MGM) ZHH L, &R i e A g X
KEOEIR N~ 7 BEENSTXOH R G
WAL, #EAMROZEYMEEHERT 7201,
JeATHFSE (A Ishida and L.C. Steinhauer, Phys.
Plasmas Vol. 19, 102512 (2012)) & thikpat%
179.

NSTX DO UiA D Ik D H10ok Frifih 2 2 il
& D AL (r, 6, 2)%& FAVY,  diliset B & (i
ET D, A VHERY(r,2) LEFHRAK

CK—19 (Jtu)

w(r,z) \ZXF 5 2 iRl AR X EnEh
'/Z””zv [ﬂﬂj = 1(39'/7;_ ”ug)
n &

2
r

(M
+nr(F/~T/Inn)

”ZV'(V;//jzl(BH'Z_””a)
r £

- nrz(Fe' -T'In n)
TRl S 4, FERVIE 2 BE R RO T
R, BE n@r, )IKT 2Bk
Bernoulli ® =%

F+F +u*/2
n=exp

ZEMNTS. 22T, u By, el ITNETNA
AP, b aA XY, 2 TR T A —
HThD., FRHE (14 a=i, BT :
a=e) IZH LT, w,, F,, T, 35 HEEKOM
HThy, ThEnRsaA ZEICTd 5
TAVEESE, — b &7z Gibbs D H BT RV
F—, BEZET. 25D 6 >OBEEITE
U EsBATL 2 Ltk o T, ERT
— XA ERBT 5 X5 RESND. HREKA(Q)
X =0 ONETRRTHLT=D, r I D
I x=rt 2 BT AT S &,
R (Q2)IT
2 2

—2nx(F! = T!'Inn)
FHELRRI & BT SR AT

2

3

4

ELTCTEIHEINS.
X 1IZRENTWA.,

1 NSTX %E@EOFHHEMER & 55



[N

X 2 NSTX ZEEIZEIT 2 A
FOZRERIR -~ 7 D 2 TRl
EERR TRy THD.

ECHRARRE EFEREHO T T, HEX
(D)-(AIFLL T D K 5 7 S fRE THUARAY I iR
2415, (st Step) FFEN@) DAL EREL,
MGM % HN T 2 RS Tl L7 5
K@) %< . (2ndstep) Y & B, &

Y=y +eau, (5)

_K@) 7 -7w)
r &r

B, (6)
EHAWCER 5. Z 2T, nearby-fluids &
7V & Ampere DiEH]

v,w) =y, (y)+eK(y) (7

p, - TAD-F) )

ZRIA LTS, (3rd step) u, T HERA()%E
u, CTREWTZE

u, :ZBQ+57’( "~ T'Inn)
n
—, —, )
_gzqv(ngq
n nor
ZHWCHEH TS, 22T, 2nd step THD
ey & B, #H\Wa LIt THRLAE
u, #H\W\TCY & B, Z{ETET 5. (4th step) n
BRG)EZHNTEHT S, 22T, KaAfx
VA FiE u,
u, =V (10)
nr

& 3rd step THF B ALz u, ZFIH T % . (5th step)
w 1XE OIS

|VWM_W“)SQWV (11)

(k+1)

Z

EHROCTARE R L, v, ¥, B,,
uy,, n O CTHEX@GOALZTHT 5.
EFED Step 1T+ 7RIENE LN D £ TR
NIREND., 22T, k IXZORKEBIZXE
R ENDIMUNL—T DRARREETH Y, ¢,
WA E - CTH D, MGM (T K D HFEX(4)
DFEIZNAION—T DRIEEZBET 5.

4. WFFERCR

BHFE L2 o — N4t 2 iR+ 5 7=
WIZ, WFFEOD I 5 TR AT SEATHIGE O V-1 iR
w EHEITD, w BT DI L AR L
7o, RO BT Z ORATIZIED AN S)RT 2
— 2 LIRS W THEEITY 2 &
IZE > TH#RENIENSTXD y ThHD.

w OIHFFEIZOWTHNRD. K3 1T 5
KADHLD z=0 EOEDFEED 7Y > K
Bt T 2 HEEZ R L TWA. 2OV
1Z70 » REICR LT 2 /IR L CE D,
BAERIC L E RO EEZ R LTS 2 &
MWD,

4 X MGM DOEEILA T » 7 THW:E
sweeper (damped Jacobi #£, Gauss Seidel {%,
SOR {E) IZxf9 % w OO EE R LT
V5. damped Jacobi 1EIT X 5 7% A= DifE/NRIX
Gauss Seidel 15X° SOR IEIC L B F N LV LK
= V). Gauss Seidel 1512 X B ZEOME/NRITIF
F—ETHY, SORIEOZENLIZFEALERL
ThHo. ZDOZ &L damped Jacobi LA ZhE
BN R D &R B A BREL TS 2
LERELTND.

S51IMUNL—T7 D RIBREIEIC T D w D
BADOEFEEZ R LT D, FEEIINE R
Mz HIZon T, WAL TW5D. damped
Jacobi 1EIZ X D5 ZDHE/NEIL Gauss Seidel
ERP SORIEIZE D ZEN LD b REW. T
4 12XV /RE N7 damped Jacobi 1D B 4T
RNRFFEIC L D B X BID.

X3 HERA@)DELD =0 _EDfED
PIENED 7Y NIRRT D AR



T
\ ; —a— Damped Jacobi
T 10° -{:&’\m\g —e— Gauss Seidel
_g \ D, o SOR
n: n"z;.
16 S
5 10 15 20

Iteration number of MGM

(a) MU L—7 D 1 [81 H D IE

| —e— Damped Jacobl
g S [TEF
= k%,
: | U
& 10 T ]
-6 | ] 1
L 2 4 6 8 10
Iteration number of MGM
(b) SMUlAL—TD 2 [ H D I8
10-4 F : : : ]
— 4 % ]
= r ]
3 & |
2, 0-5 : _ e
e 4F|—®— Damped Jacobi 3
| —@— Gauss Seidel
& |~ SOR .
10 0 5

1 2 3 4
[teration number of MGM
(c) AMAIN—T7"D 3 [l H D IE

4 MGM OFIHEAT » 7 THWZ
sweeper (damped Jacobi ¥%, Gauss Seidel
i£, SOR {E) IZ/ T % w DIRFEDIRTFN:

10-1 . ! ! —e— Damped Jacobilf
= = “%ﬂ% —e— Gauss Seidel
S, 4 e SOR
% 10
& 107 |
1070 L1 | | <
0 10 20 30 40 50 60

Iteration number of outer loop

5 HMLV—T7 O RAEREKL
xS %y DIRZEDURAFE

'_|1 00 T ] —e— MGM(Damped Jacobi) 2500

@ gole —e— MGM(Gauss Seidel) | 2000 O

0 - |-e— MaM(sOR) c:

£ 60 N—o— SOR 1500 =

S 40, ~—> - 11000 3

% B |t 1500 @
0 | | | 1 L 0

167°  1¢9° 107 10
Residual

X6 y OFEEIIXT 5 CPU R ORIFE
80 RS 800

B | | 2o MOM (Gates Saidsl) * o
o 801 - MM (SOR) -600 g
E qofl=5® 4005
- )
% 20 — ZOOE

0 0

N,

8
10 10
NG

7 7V v REIZKT D CPU KR O 774k

B 61Xy DI % CPU KR OARAF
PERL TS, ek A7 » 7T damped
Jacobi 1£% v 72 MGM @ CPU Wi, 77
M87x10MM DL E SORIEDHDZENLY b
#1060 f255. SEME{K AT~ 7 C Gauss Seidel
%% V72 MGM @ CPU FRREIE, 9Bk AT
v 7 CSOREE V- MGM O i & 1ZIER
CThb.

X707V v FEIZxd 5 CPU R kAT
Mz RmLTWD. FiE{EAT » 7T damped
Jacobi 5% FV /= MGM @ CPU Wi, 7'V
v RED 2 A 1.4x10° D & & SOR {EDHD
ZTNED B 16 f5HE.

SEWB LA T > 77 C damped Jacobi 5% W
72 MGM 1% 2 Jie iR - 5 R 2 BB I 22 08,
R, mEICHAET A ENTE AR
FETHDHZ L MR L.

S%OBEHE LT, BB Lo — N
EN® QUEST, HIST H D EICm A L, %

BRAS L L a2 TV, F O oME &
SEMICHH S LTV E 720,



5.

[
)

(=

)

TR A SR

aeam ) (FF 3 1)

T. Kanki, M. Nagata, ‘Computation of
Two-fluid  Flowing  Equilibrium  of
Spherical Torus Plasma Using Multi-grid
Method’, accepted in International Journal

of  Applied  Electromagnetics  and
Mechanics (2018). (6pages) it A
KHIES, M&MER, Bb7 7 X~0

YA TR T T XEA ROt
W, T A~ - BEE RS 93,
563-572 (2017). (10pages) 2% i

M. Nagata, T. Kawai, Y. Uesaka, T. Hanao,
Y. Kikuchi, N. Fukumoto, T. Kanki,
‘Investigations of Plasmoid Formation and
Flux Closure in Transient Coaxial Helicity
Injection on HIST’, 26th IAEA Fusion
Energy Conference (Kyoto, Japan, Oct.
17-22, 2016) EX/P5-21. (Tpages) A H

=¥R] G2 21)

T. Kanki, M. Nagata, ‘Improvement of
Accuracy and Speed of Flowing Two-fluid
Equilibrium Code’, Plasma Conference
2017 (Himeji, Japan, Nov. 20-24, 2017)
22P-106.

T. Kanki, M. Nagata, ‘Development of
High Accuracy and High Speed Code for
Two-fluid Flowing Equilibrium’, US-Japan
Workshop on Compact Tori 2017
"Improved Confinement and Novel
Applications of Compact Tori" (Yokohama,
Japan, Nov. 7-9, 2017).

M. Nagata, A. Fujita, Y. Ibaragi, T. Matsui,
Y. Kikuchi, N. Fukumoto, T. Kanki,
‘Studies of Two-fluid Relaxation and
Plasmoid Reconnection in CHI-driven on
HIST’, US-Japan Workshop on Compact
Tori 2017 "Improved Confinement and
Novel Applications of Compact Tori"
(Yokohama, Japan, Nov. 7-9, 2017).

T. Kanki, M. Nagata, ‘Improved
Computation of Two-fluid Flowing
Equilibrium of Spherical Torus’, 59th
Annual Meeting of the APS Division of
Plasma Physics (Milwaukee, USA, Oct.,
23-27,2017) UP11.00096.

M. Nagata, A. Fujita, Y. Ibaragi, T. Matsui,
Y. Kikuchi, N. Fukumoto, T. Kanki,
‘Investigations of Plasmoid Reconnection
in the Presence of Strong Guide Fields in
CHI Plasma Start-up on HIST’, 59th
Annual Meeting of the APS Division of
Plasma Physics (Milwaukee, USA, Oct.,
23-27,2017) UP11.00097.

T. Kanki, M. Nagata, ‘Computation of
Two-fluid  Flowing  Equilibrium  of
Spherical Torus Plasma Using Multi-grid
Method’, 18th International Symposium on

Applied Electromagnetic and Mechanics
(ISEM) 2017 (Chamonix - Mont Blanc,
France, Sep. 3-6, 2017) P-TRA:1.

M. Nagata, H. Hirono, Y. Kikuchi, N.
Fukumoto, T. Kanki, ‘Experimental and
Numerical Studies of Two-fluid Flowing
Equilibrium of Spherical Torus Plasmas’,
18th International Symposium on Applied
Electromagnetic and Mechanics (ISEM)
2017 (Chamonix - Mont Blanc, France, Sep.
3-6,2017) P-TRA:2.

tREFEE], AKHIER, ‘FE~Y T ¢
AFHT KD EIR b —F 2 DOHEFREFEIC
BWTERHRISILD b v A XV DO
P, 55 33 A7 7 A~ B A FRES,
2016 4F 11 A 29 A-12 A 2 A, #ILK®
FIEILF v /8K, 29aP54.

T. Kanki, M. Nagata, ‘Magnetism of
Toroidal Field in Two-fluid Equilibrium of
CHI Driven Spherical Torus’, 58th Annual
Meeting of the APS Division of Plasma
Physics (San Jose, USA, Oct. 31 - Nov. 4,
2016) NP10 63.

M. Nagata, A. Fuyjita, T. Matsui, Y. Kikuchi,
N. Fukumoto, T. Kanki, ‘Plasmoid
Formation in the Elongated Current Sheet
during Transient CHI on HIST’, 58th
Annual Meeting of the APS Division of
Plasma Physics (San Jose, USA, Oct. 31 -
Nov. 4, 2016) CP10 99.

M. Nagata, T. Kawai, Y. Uesaka, T. Matsui,
T. Hanao, Y. Kikuchi, N. Fukumoto, T.
Kanki, ‘Multiple Plasmoid Formation and
Flux Closure during Transient-CHI Start-up
Process on HIST’, 2016 US-Japan
Workshop of Compact Tori "Equilibrium
studies and novel applications of compact
toroids based on innovative confinement
techniques: The Future of Compact Tori"
(Irvine, USA, Aug. 22-24,2016).
KHIES, FEMSEOA, A&, 4Gt
v, AR, MEREE, ERKF—7
A HIST %2 (245 % CHI A2 B B
ERERY ax s va s’ &1 RS
TRV A Z, 2016 FE7 1 14
H-15 B, JUHKZHEF v 23R,
15P021.

T. Kanki, M. Nagata, ‘Relation between
Poloidal Flow Velocity and Toroidal
Magnetic Field in Spherical Torus Plasma
Driven by Coaxial Helicity Injection’, 18th
International Congress on Plasma Physics
(Kaohsiung, Taiwan, Jun. 27 — Jul. 1, 2016)
PPM1-15.
SRR, KHIEF, “~/LTF LR .
U T 4 AFHT K o THERF S 4L7 8K
R~ =T 20 2 iR PHEER DY,
532 07T X< B A TR AR, 2015
11 A 24 H-27 B, Al ERSHELF
¥ 27X A, 25aE30P.




@® T. Kanki, M. Nagata, ‘Two-fluid
Equilibrium Transition during
Multi-pulsing CHI in Spherical Torus’,
57th Annual Meeting of the APS Division
of Plasma Physics (Savannah, USA, Nov.
16-20, 2015) GP12 123.

7 1

6. AFFERERE

(D) WFgefs

3 S (KANKI, Takashi)

W EARZERFAR - EBSHEEBORI e ' v &
— - Hix

W& T« 40524468

(2) WFze sz

KHE 1EF% (NAGATA, Masayoshi)
TLJE RN R« ToRHFSER: - %
WeE TR« 00192237



