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Why VDEs?

Spontaneous failure of the feedback system providing vertical
stability control is not a common cause of disruptions...

...however, many other failure modes for tokamak
confinement eventually result in loss of vertical control,
particularly if they are not detected in time for an emergency
shutdown...

...and the contact of the plasma with the vacuum vessel in a
VDE results in large halo currents that result in high transient
forces...

...s0 VDEs are logical to study when designing a device to
handle worst-case-scenario events.



NSTX XP833 (2010):

Halo current dependencies on I /qgs, vertical
velocity, and halo resistance

Shot 132859, with deliberately
misadjusted vertical field control,
terminates in VDE:

Reference shot without forced
disruption drive, based on 129416:
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Layout of NSTX halo current diagnostics
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Halo current is inferred from transient TF measurements under several
divertor tiles and plates at about six toroidal locations. Transient vessel

forces are not measured.
Figure reproduced from S.P. Gerhardt, J. Menard, S. Sabbagh and F. Scotti, Nucl. Fusion 52 (2012)



Strongly Non-Axisymmetric Halo Currents
Dete
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e Infer strong toroidal asymmetry, often with significant rotation, at locations
where currents enter the divertor floor.

Key Observations
Dominant structure is typically a toroidally-rotating lobe.
Rotation is typically in the counter-direction, except for short bursts.
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Meshing the NSTX Vessel for Simulation

NSTX Vessel Model interpolated to TSC 2.0 cm grid
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Snapshots of Nonlinear Evolution
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Time History (nonlinear 3D phase)
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Halo Current Distribution at Peak

Joormar @t wall, t = 323.884.

t=323.88 18]
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Current peaks on lower Group 12 plate.
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Halo Current Distribution vs. Time
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Validation Conclusions

e MHD simulation plausibly accounts for most observed
qgualitative features of NSTX VDEs, including degree of
toroidal peaking.

* The largest transient horizontal vessel forces occur when
rz,, ~ 1; this can be generalized to other devices.

e High TPF can still occur for large 7, if the plasma is already
significantly displaced when the ideal n=1 mode is
triggered.

e Peak horizontal force is an order of magnitude lower than
vertical force in NSTX; this may not apply to other devices.



Controversy

e The reliability of these results has been challenged on the
basis of the code’s “saltwater” boundary conditions: unlike in
the actual system, the normal velocity of the plasma in the
model is constrained to vanish at the boundary.

e Put this to the test by applying the M3D model to a simplified
test case devised and run by the issuer of the challenge, and
comparing the numerical results.
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The Zakharov Test Problem

Straight cylinder equilibrium, circular cross-section

— Plasma minor radius at r=0.6, tile surface at r=0.7, ideal wall at
r=1.0.

— Tile surface behaves as a perfect insulator before plasma
reaches it; perfect conductor thereafter.

— Plasma interior g=1.0; edge g=0.75.
— Plasma pressure low, flat; conductivity infinite.

Evolve 1,1 external kink mode with 2D version of Disruption
Simulation Code (DSC) called Cbwtk.

— Implements Kadomtsev-Pogutse single helicity MHD model.
— Eliminates inertia by replacing the momentum equation with

dVv —
——>>vV=A
P 7 c



DSC Results

Free boundary kink (FBK) with ideal wall

Initial perturbed plasma Fast phase of instability Saturation of the mode

Wall-touching kink (WTK) at tile surface

Initial perturbed plasma Fast phase of instability, Saturation of the mode
excitation of Hiro currents due to Hiro currents 16
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The M3D Code

M3D (multi-level 3D) is a parallel 3D nonlinear initial-value extended MHD code in
toroidal geometry maintained by a multi-institutional collaboration.

Physics models include ideal and resistive MHD; two-fluid with just
w* or w* and Hall terms; or hybrid with kinetic hot ions or kinetic
bulk ions and fluid electrons.

Uses linear, C° triangular finite elements on an unstructured mesh in-
plane.

Uses 4th-order finite differences between planes or pseudo-spectral
derivatives.

Partially implicit treatment allows efficient advance over dissipative
and fast wave time scales but requires small time steps relative to 7,.

Halo and vacuum regions are modeled as low-temperature plasmas,
with 77 ocT3/2and heat rapidly conducted to the cold wall along open
field lines.

17



Resistive MHD Equations

op
FLy. =0
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Approximation used for M3D equilibrium

e Large-aspect-ratio torus, circular cross-section.
e Inplasma (0 <r<a-9), constant p and g provided by :

3Ip3
GRIB, ()= 2HRE
/ 2p2 | +2)°
(RS +1?)
e Inboundary layer (a-0<r<a)g—q,, p drops linearly:

RB, (r)=

TR PAr)= P

8, (1) - GReB: ), (r)=——L—
o (1 ; \/Zy(r —a%) a2, p(r)=py-r[r-(a-9)]

 2p2
G R; +(a—0o ; + R

 |Invacuum, p is low, J vanishes, fields are continuous:

qg O2 0
RB.(r)= J -0 —c

* Here, g,=B,=1, q,=0.75, 0=0.6; the aspect ratio R, layer
thickness 6, and pressure ratio p,/¢ are free parameters, and

2p2R2 (4 _ s\* 4R2
33 0 R; By (a—5) 2_asz]22 Cp—ei
2[(a-0) @] |[qiR; +(a-0f | &R

7/:



* R,=18, 6/a=0.1, p,/&=100, ny/n

Equilibrium Relaxation
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The kink perturbation

Zakharov’s perturbation is a small helical deformation
of the plasma surface:

p—>a+é,cos(w—¢)

This is a rigid rightward displacement of the plasma
column.

M3D perturbs the incompressible poloidal velocity
stream function to achieve the same effect:

ré,sin(0—-¢), 0<r<a
0, a<r

Uo(r,6’,¢):{

Run linearly to find eigenmode, then use it as small
initial perturbation for 3D nonlinear calculation.



Linear eigenmode calculation

n=1 eigenmode
vargosoer isa 1,1 external kink
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density evolution off

ohmic heating on 23
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Eigenmode current and flow patterns
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Higher n modes are also unstable

n=2 eigenmode
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Full 3D nonlinear behavior, ideal wall only (FBK)

Details:

nplas = 10-6; Nvac = 9.5 % 10_4; Dwall = 0
H= 10-5; /uH_tor =107

KJ_ = 10’6; K‘ll = 5 X 102
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Approx. plasma boundary vs. time
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FBK Plasma currents during D phase

Peeudocalor Total toroidal current density, ¢=0
ar: Jpl

I 0.02503 ;.

-0.01620

0.5

0.007372

N 0.0
-0.001458

-0.01029
Max: 0.0250%. 5
Min: -0.01029
Contour
Var: termperature

Bl 205205

Max: 4.103eD8.f T
Min: 0.000 0 -8

freudocolr n>0 toroidal current density, ¢=0

I 0.01667 1.

-0.01028

N 0.0
-0.002491

-0.008878
Max: 0.0166b.5
Min: -0.008878
Contour
Var: termperature

Bl 205205

Max: 4.103eD8.f T
Min: 0.000 0 -8

(t=1281.06)

n>0 toroidal current density
on transformed T=2.05x10" surface

Pseudocolor
Var: Jphipert
0.01611

-0.01266

0.009216

0.005769

0.002323
Max: 0.01667
Min: -0.008878

27



FBK Plasma currents during crescent phase
(t = 1402.29)
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Increasing aspect ratio to 72 reduces toroidal coupling, but
does not change mode behavior
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Segmented Tile Model

Tiles are modeled as an annular region inside the
computational domain from r=0.7 to r=0.7+06.

When not wetted, tiles behave as ordinary
vacuum/plasma (7 oc T3/2).

For wetted region of tile surface (0.7 < r < 0.7+0 AND
p > [pmax t 3pmin]/4)' we set 1= Thile = 77p|asma'

Outer boundary of annulus is cold (T = ¢ for r > 0.7+9),
chills plasma when in thermal contact.

No special conditions are imposed on velocity or force
balance in tile region.



Full 3D Nonlinear behavior with tile surface at 0.7<r<0.75,

only wetted part conducting, outer edge cold,0<n <9
CCCCCCC (WTK)
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.9%5 06 1.0

Max; 3.8786-05 1 LZn1_017e
Mm:OOOO B Ideal wall T T T T T 7 T T T T T T T T T T T T T T T T [ T T T T T T T 7T

] -6
Contour B ]_ O B

DB: LZn1_015m.0071.silo 1
Cycle: 0 Time:1200.06 i
ar p

Tile

.1.0419—05 0.5 annulus _8
Max: 4.047e-05 1 ]_ O

Min: 0.000

t
DB: LZn1_017e.0095silo R
Cy\ 0 Time:1300.08 B

.1029 -05

Max: 4.106e-05
Min: 3.209e-07

Contour 1 —-12
DB: LZn1_017e 0196 silo ] ]_O ¥
Cy\ 0 Time:1399.79 1

.1 105e-05

Max: 4.419e-05 _0_5_: 10_14 B

Min: 9.283e-28

N 0.0+

n= 6 |
n= 7 7
n= 9 7
n= 9 A

it
DB: LZn1_017e.0295.sllc 1
Cy\ 0 Time:1492.76

10—16 -
.1.105e—05 ] L
Min 2296007 _1.0- , | 1100 1200 1300 1400 1500

T
17.0 17.5 i8.0 18.5 19.0

Details: Saturates in 300 Alfvén times,

Mptas = 107 Myge © 9.5 X 10°%; 10 = 0; 7y = 107 develops higher-m corrugations,
p=107; thy 1o = 107 then annihilates on tile surface.

K, =10%; K, =5 x 10

density evolution off
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Circle current (before wetting)

(t=1204.20)
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D current
(t =1300.08)
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Corrugated crescent current
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Conclusions

Although a number of approximations must be made, the M3D code can represent
a reasonable facsimile of the ideal straight-cylinder equilibrium with surface
current.

Because it solves the full set of time-dependent resistive MHD equations in three
dimensions, M3D sees more complex behavior than the idealized saturated kink
solution, namely unstable modes with n>1 and the formation of a vacuum bubble.
This latter phenomenon, which is physically correct for an equilibrium with no
shear*, complicates the comparison.

The interaction of the plasma surface currents with the ideal wall in the free
boundary kink case appears to be in line with the DSC result.

In the wall-touching kink case, tile currents interact with the plasma surface
(“Hiro”) current to slow plasma motion, as in the DSC result. As in DSC, the plasma
retains finite velocity normal to the tile surface, and can penetrate it on a time
scale longer than that of the ideal kink.

*M.N. Rosenbluth, D.A. Monticello, H.R. Strauss, and R.B. White, Phys. Fluids 19, 1987 (1976).



Future Work

e The lack of a vacuum bubble in the DSC result should be
understood.

e Still atissue is the effect of the M3D velocity boundary
condition on disruption calculations in which the plasma
comes into contact with a resistive first wall at the
computational boundary.

— DSC results have not been published for such a scenario.

— M3D results to date suggest that the effect of this condition on the
sharing of plasma current with the wall is minor; current diffuses on
the wall resistive time scale regardless of plasma flow.
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