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Nonlinear 3D MHD asymmetric vertical isplajgment disruptions simulations have

P

been performed using JET equilibrium recepstruction initial data. Several experimen-
tally measured quantities are com L&@ the simulation. These include vertical
displacement, halo current, tor%&nt asymmetry, and toroidal rotation. The
experimental data and the s*\?i:io\? are in reasonable agreement. Also compared

oidal current asymmetry and the vertical displacement

was the correlation of the(%‘b
asymmetry. The No 1on between asymmetric wall force and vertical current

moment is verified in the stpulations. Also verified is toroidal flux asymmetry. Al-
ay}?T is a good predictor of ITER disruption behavior, JET and

in different parameter regimes, and extrapolating from JET data can

overestir/ ¢ th T“éR wall force.
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I. INTRODUCTION

A main source of predictions about ITER! disruptions is JET experimental data?. Fur-
ther predictions have been made using MHD simulations® 7. Numérous other studies have
been carried out, for example® 4. It is important to verify that tyZ: ulations are in agree-
ment with JET data. This paper compares experimental dat ohHD asymmetric vertical
displacement event (AVDE) disruption simulations using the\\% code.

It will also be pointed out in what sense JET is not @;Lge ictor of ITER. JET and
ITER can be in different parameter regimes. Although dime
asymmetric wall force could be 25 times larger M’BZ

al
this paper show a novel result, that the ITER \i.il fo‘rye might not be much larger than in
-

onal analysis indicates ITER

, the simulations presented in

JET.
The M3D simulations were initialized@[ equilibrium reconstruction of JET dis-

ruption shot 71985 at t = 67.3128s, wit %ﬁ'@tic field B = 27617 with carbon wall.
%h\? MHD simulations has not been done previ-

Detailed comparison of JET dat
ously. Several variables were co edin simulation and experiment and are in reasonable

agreement. These include t%istory of vertical position and current, halo current,
toroi

I rotation. Also compared was the correlation of the

£

en asymmetric wall force and vertical current moment holds in the

asymmetric wall force,

toroidal current asym %d the vertical displacement asymmetry, and a new analysis
&
? bet

was provided. T flux asymmetry'® was verified in the simulations. It is verified that
the Noll relatioj
simulations.{ The comparison of JET data with 3D MHD simulation provides a validation
of the
£
Thexesuls obtained for the selected shot can be expected to be generally relevant to
JET . "he V@ues of the compared quantities in this shot are typical of JET disruption data?.

ﬁ
The gimulation parameters were Lundquist number S = 10°, and the resistive wall
un st number was Syar = Twau/Ta = 250 — 1000, where Tyau = 000/ Mway is the

almlagnetic field penetration time ( a being the minor plasma radius, 0 the wall thickness,
and 7,4 the wall resistivity), and where 74 = R/v4 is the Alfvén time, with v, the Alfvén

speed and R the major radius. The simulation uses time units of 74.
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An important feature of the simulations is that most of the measured quantities are
independent of simulational value of Sy, for a given experimental wall time. This allows
simulations to be run for much shorter times than when the experimental S,y is used.

In the experiment, prior to the thermal quench (TQ), S = 109,?6‘5 after the TQ, S ~ 10°.
The wall Lundquist number is Sy = 7 x 103.

Section II describes the simulations and experimental , Segtior [1I deals with compar-

The present simulations, both the TQ and the current qﬁzCQ) were included.

ison of halo current data, Section IV describes toroidal currentand toroidal flux variation,

Section V is concerned with the correlation of the tqroidal ¢variation of the toroidal current

and the vertical displacement. Section VI discu(sés the

toroidal rotation, Section VIII explains the T’cr‘ia force to be expected in ITER, and
-

finally Section IX summarizes the results, XB
II. JET AVDE DISRUPTION Im ONS AND EXPERIMENTAL
\

MEASUREMENTS

relation, Section VII describes

The time history of the experi al a,;‘ and simulation of shot 71985 are shown in Fig.1.
The experimental toroidal ClQoted I,,, in M A and the vertical displacement as z,.
Time is in units of resistive.wall time.r,.;;, which in the experiment is 7757 = 0.00552%2!. The
simulated current I waswdriveryaccording to the experimental current I, in time normalized

to the resistive wallitimé, wi

3\ 1(t/Tuan) o< L(t/ 7). 1)

using t experl ental time history data I,(t) for shot 71985. Here 7T,uu is the resistive
wall e 1 hofs simulation, which is less than the experimental resistive wall time. This
rescaling Wa§ necessary because of computation time limitations on the simulations. As will

ﬁ
e shown, the results are not strongly dependent on the choice of simulational 7,.;. An

artifieial electric field current controller was applied to sustain the current, which keeps the
ifnulation current approximately equal to the experimental current. Shown in Fig.1 are
simulation total current I and vertical displacement &, and the experimental measurements

of I, and z,, where I , I, are in M A and z,, & are in m. The experimental data is presented

3
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in units of experimental wall time, and the simulation is in units of simulation wall time.
It is noteworthy that the simulated vertical displacement & agrees well with z, during the
growth and initial saturation phases. This agreement holds for all values of S, that were
simulated. /

The initial equilibrium obtained from the equilibrium reco Mhas qo < 1, which
was unstable to a helical MHD instability with poloidal and tordidal mode numbers (m, n) =
(1,1) mode. This mode and the (1,0) vertical instabili N

..S e to produce the TQ by
t = 1.5Twall- —

_—
Fig.2 shows contour plots in a simulation with Sy.; = 0

the VDE has saturated, in the (R, Z) plane Wit(i;: ““Eig.2(a) shows contours of poloidal
magnetic flux ¢. Fig.2(b) shows the toroidal ts%déaity RJ4, with a large (m,n) = (1, 1)
e torol

, at time t = 3.937,,; when

_

internal kink perturbation. Fig.2(c) shows al magnetic field multiplied by R, RB.

S~

<

Fig.2(d) shows the toroidal ﬁ&&rbation multiplied by R, RdB,, on the wall, at the
same time as in Fig.2(a),(b), \‘TJ;;\Ver ical coordinate is the toroidal angle ¢/(27), and the

IIT. HALO CURRENT

horizontal coordinate is_a poloidal*angle §/27. The magnetic perturbation is largest along
the line of the obseryati r.l%le 0, ~ 2m/3, at the top of the JET wall, near the typical

VDE strike point. $er

@
the differende be Qhe flux at the observation angle 6y at times t = 3.937,,; and t = 0.

Halo 11rr9nt the current which flows on open field lines. In JET toroidal field mea-
surergénts s Veés a proxy for halo current'”

Qﬂj} BT = 2 R6 By (3)
whe » 1s defined in (2).

\

detectors measure toroidal magnetic field perturbations B, at 6, and at toroidal measure-

ment angles ¢ ~ (k — 1)7/2, with k = 1,...4. The JET torus is divided into octants, in

0By = By(0o, 1) — By(0o,0) (2)

]ﬂ@.Q(d) has the largest flux perturbations at the observation angle. The JET halo current

4
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which toroidal field pick-up coils and Rogowskii coils are installed®!”. The halo current
measurements are made in octants 1,3,5,7.

In the following several quantities will be compared in simulation and experiment. Con-
sider the variable f = fy + fssin¢ + f.cos ¢. Listed are deﬁnitio?l of the average of f and
the amplitude of the toroidally varying part of f,

f=F+f

f=f—F=/fsing+ f.cos¢

fo= 55— 1) :Q\\
fu= (=) KS

G
=1 =Lt £ T
(ff“” f+5<:\‘b2[f5 £+ (= ] g

Equivalent definitions are given for,the mn f is represented as a Fourier series with
n = 0 and n = 1 components, as inhs-imulations, or as a discrete set of values on four
octants of a torus, as in the experintent.
Here 6B is the average of ¢ \mw\the toroidal angles, and A(dB) is the amplitude of the
toroidally varying part. %&ula ed values were calculated by taking Fourier components
a

of 0By(¢). In Fig.3 the

lueg are plotted as halo current fractions

)\ AHF, = 21 RA((;B Ja (5)

o

for the e pel}me al (a = exp) and simulated values (a = sim) in units of experimental and

all time respectively. Here [, is the toroidal current at time ¢ = 0. In the

wait = 1000. The magnitudes of the peak values are in reasonable agreement.
(fiejmulations were done for several values of Sy,;. Fig.3(b) shows the peak value in
tim F and AHF. The simulated values appear to converge to the experimental values,
ich implies that the peak values of the simulated quantities do not depend on the wall
time. This allows the results to be extrapolated to the experimental value of Sy = 7 x 103.

At present, computational restrictions limit the simulations to smaller values of Syq.

5
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IV. TOROIDAL CURRENT AND TOROIDAL FLUX VARIATION

Toroidal n = 1 variation of toroidal current was observed in JET?1¢. The time history plot
Fig.4 shows the magnitude of the toroidal current variation comp?ing JET and simulation.

The toroidal current asymmetry is Al, as defined above in (4 re the current is

N

I= / Jyd?z. (6)

The asymmetric toroidal current can be obtained from.Y - J<O, or in integral form,

—-—

ol
96— f RJndlf nh, (7)
where the poloidal current normal to the wal is& )

1 0(@B,) 108
Jp = — 0) N1 0B, (8)
R 0l R 0¢
and where dl is the length element a&\@s‘t‘he component of magnetic field tangent to

the wall. The 3D halo current [ mg}ves the net inflow or outflow of normal current
ni

at a particular toroidal angle* an es if the current is toroidally symmetric.

In Fig.4, the experimental“di sionless current is labelled Al,/I,, and the simulated
value is AI/I. The samediscrete expression was used for experimental and simulated values.
The agreement of th p%es is acceptable. The amplitude of AI/I decays more rapidly
in time than th:? in‘fent? ata, when the total current is decaying. The current variation

t

AI depends o P&{nbpa' ude of the kink mode, as shown in (18),(20). This suggests that
I is ¢aused by stabilization of the kink. In turn this may be caused by

decay offhe )0 current I, which can raise the value of g. The different behavior if the
tign

the decrease’ of

d tife experiment may be due to the different values of S, which governs the rate

of resigtive é)ecay. The fluctuations in the simulated AI/I may be related to fluctuations
ﬁ
in /[, a , 2zp in Fig.1.

shown in Fig.4 is the toroidally varying toroidal magnetic flux A®/®, where ® is

o = / Byd’x, 9)

and A® is obtained using (4).
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The toroidal variation of toroidal flux!® follows from V - B = 0,
0P
— =— ¢ RB,dl. 10
=" (10)

To estimate the ratio of current perturbations to flux perturbatigns in Fig.4, take J, =~
—0By/(R0O¢). Assuming an (m,n) = (1,1) mode, then J,, ~ —8Bj f). From approximate
incompressibility (12) with large aspect ratio'®, J,, ~ 9B, /0 @%hen (7),(10) give
Al =~ A®/a. Also with J, =~ B,/(¢R), where ¢ is the rotatienal tvansform ¢ = aB/(RBy),

then
AD I ‘)""‘--

' )
V. CORRELATION OF TOROID LNR‘ENT AND VERTICAL
DISPLACEMENT ASYMMETRY \

\
The toroidal variation of the cu%m f the vertical displacement are positively cor-
ti

Sle
|

with gR/a ~ 5.

T

related. Fig.5 shows experimen histories of toroidal current differences (15 — I1)/1

a function of Z; — Z3, where t bscript refers to toroidal octant. These quantities corre-

plotted as a function of vertialdisplacement differences Z5 — 7, and (I; — I3) /1 plotted as
N

spond to cos ¢ and si CO}DODGH'CS of I, Z,. Fig.5 also contains simulated n = 1 Fourier

components I.,s/I @ a funetion of £.,s, and Iy, /I as a function of &;,, which are the cos ¢

and sin ¢ harmo[{cs 0 urpént I and vertical displacement &. These quantities are positively

correlated, i is‘}tin hat the toroidal plasma current is higher at toroidal locations where

ition is closer to the wall>®. This effect has been explained by invoking skin

the plasma p
current %id}e of the plasma®1°.
Ttfcan be,shéwn analytically that the toroidal variation of current and vertical displace-

ent arepositively correlated. The maximum current occurs where the vertical displacement

is\also aSmaximum‘ The magnetic field in a large aspect ratio approximation is given by!?
\ B =V x é+ Bo (12)

and the displacement is

£=Vyx ¢ (13)

7
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The magnetic potential v is

Y =1+ B-Vx (14)

where ) is the initial poloidal flux, and Y is the displacement potential® of the VDE,

X=X1+Xz2 X1=xicos0, Xz2= X200 —\ﬁ\ (15)

Then 1) can be calculated from (14), (15) as ¢ = Yo+ +1o%13aud B = Bo+B;+By+ B3
with By = Vil X 6+ B¢, and By, = Vi x ¢, where k rj 3.

used. The toroidal current is given by

cylindrical model will be
~

—
szBgade—t @) (16)
where I = Iy + I + I, + I3, and the prime dengtes @:?adial derivative. Only contributions
to 1 that are independent of contribu&%:% s also assumed® that y = ¢ = 0 at the
wall, so that only radial derivatives of .WOntribute to I.

In zero order, 1) is a function o e.divus nly. In first, second, and third order,

. B /
(1= g)sin(0 — ¢) = —3xix

B B
s+ By- VY = —a%‘;”(xm)’(l - g) cos ¢ (17)

(20) were omitted because they do not contribute to I. The first

and terms With!m%
and second chrre t vanishes, Iy = I = 0. The asymmetric current is given by
1. B
4 2o = (2 )28 18
(é/ 5. = V3 (2—q) 2 X1X2 €080 (18)

This Combared to the asymmetric part of the displacement. The displacement in the y
ﬁ
@ 1s given by
: 0 1 / 1 /
~ E=V(rsinf) x Vx-¢o=& + &, & = —5Xn 52:—§X2c:osgz5 (19)

where &, & are the symmetric and asymmetric parts of the vertical displacement, respec-

tively. The symmetric displacement is upward, & > 0. The asymmetric cos ¢ terms have the

8
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ratio
I3 S|
— =42 —q)—— 20
gm0 (20)
The ratio of current asymmetry I35 to the vertical displacement asymmetry &; is positive, if
q < 2 at the wall. /

In the experiment, simulations, and theory, toroidal plasm cnjent i _higher at toroidal
locations where the plasma position is closer to the wall. Thereds no need to invoke skin

currents®'%, which are not seen in the M3D simulations (w(p in this effect.
—~—

=~
VI. NOLL RELATION OF F, AND M, &5

The Noll relation is used in JET to estim ognvag})nmetric wall force'. The wall force
y -

@QJMCLH X Bwall (21)

Fwall = 611} l
where 0,4 is the wall thickness, J Nall current density, and B, is the magnetic

in the wall volume is>”

toroidally varying wall force in the %X,y directions

defined as \

field in the wall. The projection§ of
are given by F, = F - %, Fy < he magnitude of the asymmetric horizontal force is

V.

<\ AF, ~ tBAM;, (23)

4 My, = / ZJ,d (24)

(P2 P2\1/2
.\ AF, = (F; + F;)"/". (22)
The asymmetric W@ oportional to the asymmetric vertical current moment, which

is given by

where

4

-

and the sim&ﬂated and experimental AM;; are calculated using (4). Fig.6(a) compares
th‘aulJ force in the simulation with simulated and experimental vertical current moment.
The%units are in M N. The asymmetric force maximum amplitude is AF, = 1.1MN. The
?pe}mental Noll formula predicts a force of 1.3M N, while the simulated formula predicts
1.2MN. The agreement is very good. Fig.6(b) shows the peak values in simulations with

different values of S,,q;. The agreement is essentially independent of S.;.

9
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VII. TOROIDAL ROTATION

Asymmetric force rotation is of concern in ITER. Rotation is observed in both experiment

and simulations. The rotation angle calculated from the experimental data is

Is —1
o -1 5 1
Qezp = tan <I7 — IS) 3\ (25)

The simulated rotation angle taken from the current was rather neisy, so the force angle

F
gim = tan_l(fy) ‘) (26)

F
was used instead, where Fx,F are defined after (21). F1%7 ) shows rotation angle « in
experiment and in a simulation with Sy = 1 In bo ases there are about N,,; = 2.8

periods during the CQ time 7¢g = 5Twau, ch ig_the time interval of substantial halo

current in Fig.1. In runs with Swa” = %: = 500, N,ot = 2.6 and N,,; ~ 2.0

respectively, as shown in Fig.7( xﬁ e experimental value N,,, = 2.8.
Fig.7(b) implies that the rotatio equ is fmt = Nyot/Tcg = (2Swan) . This suggests

the rotation is involved with th esw \all interaction.

VIII. IMPLICATIONS

In the experimentdan %&tions presented in the previous sections, the maximum wall
force occurs afte 4erti}a displacement saturates. In JET, 7B = 0.005s, and the

ﬂ/rw ch time is TéST 5 X Twall > Twai- This will be denoted the
high 7 /T @ime.

Therefis a L sec d, low Tog/Twau regime, in which 70¢/Twan S 1, in which the asymmetric

experimental car

wall force a hélo current are much smaller. To show this, the wall time was artificially
increased, k%aping the CQ time fixed. Fig.8 shows JET simulation time histories of I and &,

it-}IS i = 1000. The subscripts indicate different values of 7¢q/7war = (a) 1.67, (b) 1.25,
c) These were obtained by multiplying 757 in (1), by (a) 3, (b) 4, and (c) 6, noting

ET JET
Twall -

at in the simulations, T0Q/ Twall =
here is an interesting crossover in the behavior of . For case (a), £ saturates in a

stationary state, similar to Fig.1. For cases (b),(c), £ does not saturate, but grows to almost

10
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the vertical height of the wall. Saturation of £ seems to require 7oq/Twan R 1.5. Tt is also
noteworthy that a faster CQ causes a speedup of the VDE.
In Fig.9(a),(b), the ratio 7cq/Twan Was varied by replacing the experimental wall time in
(1) by a wider range of values, 0.005 < 7/ET' < 0.03. The casesz%l Fig.8 have the smallest

wall
TcQ/Twan and AF, values in Fig.9(a). From Fig.8 and Fig.9( 4'.1‘)18 pessible to distinguish
three regimes of 7¢q/Twau. In the low 7o /Twan regime 7go 0~ 1.5, the asymmetric
wall force is small, while in the high 7¢¢ /7w regime 7. xél, AF, is large. There is
also an intermediate regime 1.5 N TcQ/ Twall <4, ~ ——

A reason for this behavior is that a large force \geems SO equire both a large vertical

displacement and a large current. Fig.6(a) sh@tha asymmetric wall force AF), is
e
1

maximum when & and [ are simultaneously\%zh‘e} maximum values in Fig.1. Fig.8

| W
shows that in the low Tog/Twan regime 5«;&

not simultaneously have their largest
values. -
The fit in Fig.9(a) is to \\
C1

N T
A - C

tanh(ca—<2 — ¢3)] (27)

Twall

where ¢c; = 1.1,¢co = 1, and c3 Nhe half maximum occurs when 7oq/Tywau =~ 2.7.
@d%fnde ce of the Noll formula (23) on 7oq/Tway. It is in agree-

igh 7do/Twan regime, but otherwise greatly exceeds the wall force.

Fig.9(a) also shows

ment with AF,, in the

oifves anl upper limit to the asymmetric wall force. Here the fit is to

mg AF,, c; =1.2,c,=0.9, and ¢c3 = 1.9.

It suggests that
(27) with T BAW;
Fig.9(b) €how} the
varying Malo  fu nt AHF defined in (5) as a function of 7¢q/Twan, as in Fig.9(b). The
fits areato HE AAHF on the left side of (27), with ¢; = 0.17,¢, = 0.85,c5 = 1.3, and

imulated toroidally averaged halo current HF' and the toroidally

c1 = 0,07, c0%= 1, c3 = 3 respectively. A related ITER study'* found that reducing 7¢o¢ by
ﬁ
itigatign reduced the halo current, by causing a CQ before the vertical displacement was

%

is much longer than in JET. The walls in ITER?? have thickness § = 6¢m, resistivity n =

The low TeQ/Twan Tegime is the regime most relevant to ITER. The ITER wall time

0.82582m, and minor radius of the inner wall in the poloidal midplane a; = 1.35xa, = 2.7m

11
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ITER

where a, = 2m is the plasma minor radius. This gives the wall time 7,7,/ = poa10/n =
0.26s. A mitigated CQ time might be 0.05s — 0.155%2324, In a slow unmitigated ITER

CQ, 7co ~ 0.35%*.  In these examples, 8" < Tt There might be slow®* CQs with

<
Téz(:?ER ~ 0.6s.

It has been predicted that the asymmetric wall force in ITE 1@%%% 25 times as large

as the wall force in JET?, which is a serious concern in the ;hi 0/ Twan Tegime.

J;>c h less in the low 7oq/Twan
t

heaaximum, then the scaling

The simulations suggest that the wall force in ITER wi

regime. If the wall force in the low 7o/ Twan regime is 4
to ITER is 25 x 0.04 = 1, so that AF, might be the\same 31 ER as in JET.

Previous simulations of ITER disruptions®* fotnd ge variation in the amplitude of
AF, which depended on 7,4;. In some of the SM%S@ , a VDE caused magnetic flux to be
scraped off, so that the last closed flux sur hadq = 2. This caused a 3D MHD instability
with growth rate v, which produced %symmetric force if it saturated in about

m
the wall time, Y7 = O(1). When the Me was larger, 7T, < 1, the amplitude of
hgné-tude less. Other simulations? modeled the effect

asymmetric wall force was an order o
of massive gas injection by concentrating the current within the ¢ = 2 surface. As in the
present simulations, the 3D \h'estability was present before the VDE. An example was

given in the low 7cq /74 ime, with AF, less than 10% of the maximum value. In those

previous simulationsd the'QQ) was not controlled, and the scaling of AF, with 7cq/Twa Was
not studied syste % y.

In order to éWh t the JET results in the low 7og/Twan regime are applicable to
ITER, it is 'qhtant to perform simulations with ITER geometry and parameters, with

control

th? CQyas in the present study. It is important to see if ITER is similar to cases

i 8,/ which have wall force much smaller than the maximum value, as shown in

\135.\ UMMARY

Nonlinear 3D MHD asymmetric vertical displacement disruptions simulations have been

performed using JET equilibrium reconstruction initial data. Several experimentally mea-

12
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sured quantities were compared with the simulation. It was found that there was reasonable

agreement between simulation and experiment. The quantities that were compared were the

VDE displacement and toroidal current, the halo current, the toroidal current asymmetry,

and toroidal rotation. The experimental data and the simulationg’are in reasonable agree-

ment. The toroidal current and vertical displacement asymm Q?Msitively correlated
i

moment is verified in

as in the experiment. It is not necessary to invoke skin cugre explain the correlation.
The Noll relation between asymmetric wall force and ve \lN{e

the simulations. Also verified is toroidal variation of tor
iy
feature of the simulations is that most of the quantities are i

']jmgnetic flux. An important
ependent of Syqu, when the
time is also scaled to Syqy. This allows simulations to un for much shorter times than
when the experimental S,q; is used. The valu of‘i)le compared quantities in this JET
shot are fairly typical of JET disruption daﬂ'ﬂ& ?gwork other experimental shots might

N

be compared to simulations.
In JET, the wall time is much les e current quench time, 7,y < Tc@, which is the

tha
high 7¢¢/Twau regime. It was s@ﬂ simulations that there is also a low 7¢q/Twau

regime, in which 7,4y R Tcq., In egime the asymmetric wall force and halo current are
much less than in the slow C \ghﬂq The low 7cq/Twan regime is more relevant to ITER.
Extrapolating from J d%mig t greatly overestimate the expected ITER asymmetric

wall force. It is impértang to ¢arry out further ITER simulations to verify this conclusion.
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a max 0.28E+00 c max ©@.34E+01
min -0.48E+00 t= 3925.36 min -0.30E+00 t= 3925.36

2.0

-2

2 L L
-1.2-1.8 -8 -6 -4 -2 B .2 .

s max ©@.18E+00
min —@0.71E-02 t= 3925.36

-
roidal current at the same time. A large (m,n) = (1,1) mode is present. (c¢) Contours of toroidal

magnetic flux RBy. (d) Perturbed toroidal field on the wall, RdBy at the same time. The vertical

coordinate is the toroidal angle ¢/(27), and the horizontal coordinate is a poloidal angle 6/27.
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01dally averaged experimental halo current HF,.,, toroidally vary-
cur H Feyp, toroidally averaged simulated halo current H Fy;,, and
a/ted )alo current AH Fg;p,, defined in (5) with simulation Sy = 1000.

time of toroidally averaged HF and varying AHF', both simulated and
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FIG. 4. Time history plot shows magnitude of toteidal t variation comparing JET data
-
AI,/I, and simulation AI/I. Also shown is the\g ly yarying toroidal flux amplitude A®/®.
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. D. 5Fime history of toroidal current differences 61/ as a function of vertical displacement

}T;Q,Rences 0€,02p, in experiment and simulation.
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FIG. 6. (a) Simulate mmetyic wall force AF, is consistent with the Noll formula, which is

calculated both froMy the!simmation AM;jz, and the experimental data AMjzey,. (b) Peak

values are in ag ent, esséntially independent of Sy, The units are M N.
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FIG. 7. Rotation o @rrem and wall force. (a) wall force angle in wall time units,
for Sy = 103, Als owyis the experimental current rotation angle. (b) Rotation number
Nyot = (ap — oy /N a function of Syqy. Also shown is the experimental value of N, taken
from Fig.7
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p—
FIG. 8. Time histories of I, £ as in Fig.1, with S ”(.m)Subscipts denote values of TcQ/Twa =
(a) 1.67, (b) 1.25, (c) 0.83. In case (a) & satufates 1 gﬁaﬁdy state, while in (b) , (c) £ does not

saturate.
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FIG. 9. (a) Peak AF, a W]Z as a function of 7cq/Twau, with fitting functions. (c) Peak

halo fractions HF, F/as a function of 7o /Twau, with fit.
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