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JET AVDE disruption simulations

e M3D asymmetric vertical displacement event (AVDE) disruption simulations were
carried out, initialized with EFIT equilibrium reconstruction of JET disruption shot
71985 att = 67.3128s, B = 2T

— Several variables were compared in simulation and experiment including e
vertical displacement &, e halo fraction HF', e toroidal variation of toroidal
current, e asymmetric wall force and Noll relation AF, = wnBAM;jy, e
toroidal rotation N,q.

e JET simulations with 7,,,;; ~ 7cg changed artificially

— wall force can be much less than 7, < 7cqg

— ITER relevant regime

e Runaway electrons
— JET RE data
— RE MHD equations

— preliminary simulations



Time history of simulation of shot 71985 with VDE and CQ
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25| ] Time history plots for S,y = 1000. Time in

- units of wall time 7,,;. The current was driven
using experimental time history data for shot
71985, in wall time units.
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Shown are simulation total current I and vertical displacement &, and the measure-
ments of I, and z,. Note that £ agrees well with 2, during the growth and saturation
phases.

The normalized pressure P shows the TQ. Also shown is asymmetric wall force F,,
in M N.

e Simulation parameters: S = 7p/74 = 10°, Syat = Twan/74 = 250,500, 1000.

e Experimental parameters: S = 10° (pre TQ), S = 10° (post TQ), S/ET = 7x 103,
/BT — 0.005s.
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Halo current evolution in shot 71985
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(a) Contour plot of poloidal magnetic flux ¢ at time ¢t = 47, inthe (R, Z) plane with
¢ = 0, Syay = 1000, when & displacement has saturated. (b) Perturbed toroidal
flux on the wall R§ B, at the same time, where 6B, = By(t) — B,(t = 0). Vertical
coordinate is toroidal angle ¢/(2~), horizontal coordinate is a poloidal angle 6 /2.
(c) Time history of toroidally averaged halo current H F', and toroidally varying halo
current AHF, at 0 = 2n/3.

HF = 27RéB,/ Io.

1/2
AHF = (R/Io) [ ]{ (6By — §By)?do




Toroidal current and toroidal flux toroidal variation
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0.08 ——T——T——————— Toroidal n = 1 variation of toroidal current
0.07 | T was observed in JET [Gerasimov, 2014,2015].

I T Time history plot shows magnitude of toroidal
current variation A, comparing JET and sim-
ulation. Also shown is the toroidally varying
toroidal magnetic flux A® /P, where & =
[ BydRdZ. The amplitude of AI/I decays
more rapidly in time than the experimental
s data.

The toroidal variation of toroidal current follows from V -J = 0, which has the integral
form
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The toroidal variation of toroidal flux follows from V - B = 0, 0®/9¢ = — ¢ RB,dl.

Take J, ~ B,/a, where a is the minor radius. Then Al ~ A®/a. With J; =
By/(qR), then
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Noll relation of F. and M; in JET shot 71985

The wall force is
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where ¢, is the wall thickness. The magni-
tude of the asymmetric horizontal force is de-
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fined as
° AF, = [(F-%)2+F . 322
T T T The Noll relation is used in JET to estimate the
N — o o
I e Z AF, = 1ByAM; (4)
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The units are in M N. The scaled asymmetric force amplitude is AF, = 1.1MN.
The experimental Noll formula predicts a force of 1.3M N, while the simulated formula
predicts 1.2M N. (b) shows simulations with different values of S,,,;;. The agreement
is essentially independent of S,,.;-



Correlation of toroidal current and vertical displacement asymmetry

Phase Diagram
C-wall Oct.3&7; 1673/4429 shots  G-wall disruptions

C-wall Oct.185: 299/963 shots ~ (upwards VDE)
IL-wall Oct.3&7: 162/371 shots
041 IL-wall Oct.185: 160/391 shots

L-wall disruptions

C-wall disruptions
(downwards VDE)

AM (MAm) ( b)
(a) variation of ver-
tical displacement
(b) correlation of cur-
rent and displacement
[Gerasimov NF 2014]
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(©)
The toroidal variation of the current A and the vertical
displacement A¢ are positively correlated, indicating
that the toroidal plasma current is higher at toroidal lo-
cations where the plasma position is closer to the wall
[Gerasimov 2014, Strauss 2015].
(c) experimental time histories of toroidal current dif-
ference (Is — I1)/1 vs. (Zs — Z1), (I7 — I3)/1 vs.
(Z7 — Z3). Also shown are simulation toroidal har-
MOoNICS Ios/1 VS. Ecos, aNd i /1 VS. Egin.
The correlation does not require skin current flowing
from the plasma to the wall.



Toroidal Rotation
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as a function of S,,.;;. Also shown is the experimental value of N, from (a).
implies the rotation frequency is
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(a) wall force angle in wall time units. The ro-
tation angle calculated from the experimental

data is
Is —1
I7 — I3

The simulated rotation angle of the current was
rather noisy, so the force angle was used, with
Swall — 1037

"ijz

gim = tan—1( y)

"ijz

(b) Rotation number during the time of large

halo current
2 Nyor = a(t — 87—wall) - a(t — 37—wall)

This

(QSwall) 1

It suggests the rotation is involved with the resistive wall interaction.



JET and ITER comparison of 7,

e JET is in the short 7,4 regime, 7yu <K 7cq-
— JET resistive wall penetration time 7’51 = 5ms.

— JET with carbon wall, 7cq ~ 25ms. with ILW, 125ms.

e JET simulations were done to artificially increase 7,,.1; keeping ¢ fixed. In the
long 1w regime, the asymmetric wall force is an order smaller.

. . >
e ITER is in the long 7. regime, Tyau ~ TcQ-

— ITER walls [Gribov 2002] have thickness § = 6¢m, resistivity n = 0.825u2m,
and radius a,, = 2.7m.

— ITER wall time 7/T2R = 15a,,6 /7 = 0.26s.

wall

— ITER CQ time 0.05s < T(%ER < 0.3s [Lehnen, TSDW 2016], [Kiramov,
EPS 2016] [Hollman, 2015].



JET long 7,,.;; simulations
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(a) Time history including AF,(MN), of JET simulation with S,,,; = 250, with
current scaled to a longer wall times. Subscipts denote values of 7¢q /e = (a)
1.67, (b) 1.25, (c) 0.83. In case (a) & saturates in a steady state, while in (b) , (c) &
does not saturate.

(b) Peak AF, as a function of 7o /7wau- In the ITER regime oo /7w ~ 1.5, the
VDE does not saturate, and the asymmetric wall force is small. In the JET regime

TcQ/ Twall < 4, the VDE saturates, and the asymmetric wall force is large. There is
also an intermediate regime in which the VDE saturates. Blue dots: S,,,; = 10°.

In ITER the force might be comparable to JET: 25 x 0.04 = 1.
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previous ITER simulations have wide range of F),

Fy vay o TPF3p, TPF,F, Al ), vs. time
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From [Strauss et al. , NF 2013]

(a) "hot” ITER simulations, peak with y7,.; = O(1), ~ is growth rate of predomi-
nantly (2, 1) mode.

(b) Time history including AF, (M N), of ITER MGI model simulation with S,,.; =
10%, 0o ~ 250. Peak F, ~ 10% the peak value in (a).

In these simulations, 7cg was not controlled. Further simulations similar to JET
needed to verify relation of F), to 7./ 7cq in ITER.
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Runaway Electrons
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RE measurements in JET shot 87940 [Reux et al. 2015].

(a) total current I, as a function of time. It drops by half in time 0.01s after the TQ,
in a VDE time: 7,45, = 37wai = 0.015s. The current persists for 7. = 207,,4. (D)

neutron count, a measure of high energy REs. Spikes near ¢t = 0.11s before current
terminates might indicate MHD activity which terminates the current.
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Fluid model of REs

Runaway fluid equations are [Helander 2007],[Cai and Fu 2015]

189
—5; = VI® =0l = Jr) (5)

and J, is the RE current.

The RE continuity equation can be expressed in terms of the RE current assuming
the REs have speed ¢

Wi g v (2 4 s, (6)
ot B

where S, is a source term.

The perpendicular momentum equation is

dVZ' B J
dt)ZQKXVPtot'ﬁ—B°V—“ (7)

where x = b - b and the effective total pressure p:o: is

V - (m;n;

1
DPtot — D + Egrnr, E = meCQ’Yr (8)
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The RE energy increases with time

0E,
ot

= S¢ (9)

In the presence of REs, the total pressure p:.: survives the TQ the current survives
the CQ. It is possible to have a second disruption caused by REs.

If the current is carried by REs, then en, = B/(4mq) and
nrEr  vA o; Er

Nel' ¢ qR?
where §; is the ion skin depth and v4 is the Alfvén velocity, which implies that the
RE fraction must be small, n,./n. ~ 4 x 1074, If £, > 12 MeV ,and T' = 5 KeV ,
Emny/p > 1.

(10)

Possible MHD instabilities include tearing modes, RWMs, ELMs.



RE evolution in JET

Simulations were continued of JET shot 71985, replacing current with RE current.

a max @.32E+00 c max @.23E+01 cb max @.26E+01 IF{
min -0 35E+00 t= 2212 .04 min -@_19E+00 t= 2212 04 min -B.11E-02 t= 2212.084 'RE

a) Contours of magnetic flux ¥(R, Z,0) at t = 8.87yqu-

(

(b) Contours of toroidal current I at the same time
(c) Contours of RE current Iz at the same time.
(
r

)
)
d) time history of I and Irg (d) time history of current I , RE current Irg, and
unaway pressure Prp.
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RE evolution in JET with Pig

Simulations were continued of JET shot 71985, adding RE pressure.

ax 0.16E+00

a m a_prt max @.23E-01
min -0.26E+00 t= 2297.64 min -0.93E-02 t= 2297.64

max @ 12E+@1

ax 0.1BE+01 cb
min @.00E+00 t= 2297.64

c m
min -0.98E-@1 t= 2297.64

........................
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a) Contours of (R, Z,0) att = 9.27,au,
b) Contours of ¥»(R, Z,0) at the same time.
c)current I at the same time,
d) RE current Irg.

(
(
(
(
(e) time history of current I , RE current Irg,

and runaway pressure Prp. RE pressure ap-
pears to cause instability.
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RE evolution in JET with /2

Simulations were continued of JET shot 71985, replacing current with RE current.

a max @.36E+00 c max @.36E+01
min -0 .20E+0@ t= 1406.52 min -0.40E+00 t= 1406.52
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Contour plots of poloidal magnetic flux v at times (a)t = 5.57 a1 (€) 8.5Tway iN the

(R, Z) plane with ¢ = 0.

a-h max @.35E+00 c max @.25E+01
min @.72E-01 t= 2116.09 min -0.7BE+0@ t= 2116.09

(b),(f) Contours of toroidal cur-
rent at the same times (c), (9)
Contours of RE current at the
same times. (d) time history of
current I , RE current Igg, and
runaway pressure Prg.
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Summary

e Several measured quantities are in reasonable agreement between simulation
and experiment

— VDE displacement, e halo current, e toroidal variation of toroidal current, e
Noll relation, e correlation of current and vertical displacement variation, e
Toroidal rotation

e JET simulation has fast and slow 7,,,;; regimes.

— fast 7,4 regime: asymmetric wall force F), is large; JET experiment.

— slow 7,4 regime, F; is much smaller; regime relevant to ITER.

e Runaway electrons
— Fluid equations
— similar to MHD behavior without REs

— REs could produce secondary disruption to terminate discharge

17



