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Summary

* For certain parameters, regardless of initial state, plasma will go into
a “self-organized” state with q =1 + € in a central volume

* This large shear-free region is unstable to interchange modes for any
pressure gradient and the instability will drive a strong (1,1) helical
flow.

* This flow does not affect the magnetic field evolution since it has
the property that :

VxB=-VO = @:VX(VXB+”'):O

* However, the driven flow is a dominant terdh in the Temperature
evolution equation and dominates over the thermal conductivity in
the center of the discharge where q is flat.

* The net effect is to keep the central temperature (and resistivity) flat
so that the resistive steady state is such as to preserve the self-
organized state with g=1 + € in a central volume.



3D Extended MHD Equations
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Kinetic closures extend these to include neo-classical, energetic particle, and
turbulence effects. 3



We are using M3D-C! to solve the MHD equations to compute the self-
consistent long-time (transport timescale ) behavior of a tokamak
discharge subject to:

resistivity n

viscosity v

thermal conductivity x, & «;
particle diffusivity D
ion-skin depth d; = c/o,

loop voltage (I, controller)
density source (n, controller)
heating source (NB)
momentum source (NB)
shaping fields

Standard transport model:
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Initial conditions have q, < 1, so one sawtooth always occurs.
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When does the tokamak go into a stationary state and what are its
properties? What is the relation to sawteeth?



Example: =2% S=10°
-- oscillations die out to form stationary state
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Central poloidal flow flattens current profile

g=1.01

¢ =00 ¢ =900 ¢ = 180° ¢ =270°

Contours of poloidal velocity stream function U at final time
shows a clear (1,1) structure that is stationary in time.



Hill’s vortex like flow pattern in center

SR, ey EECOUAS RNy ZERIE
et RN L AR TR Y EE ==t
o =00 ¢ =90° ¢ = 180° @ =270°

This stationary flow pattern is being driven by the
interchange instability. It is also acting o
flatten the temperature and current profiles to
keep the central g=1 region stationary in time.



g (safety factor)

Large shear-free region near axis

5 1.020
1.015
4 .
’g 1.010
3 0
S
[Vt
2 1.005 -
Q
2 | 3
N
o 1.000 -
1
0.995 -
0 T T T 0.990 T T
0.0 0.2 0.4 0.6 0.8 0.0 0.1 0.2
Minor Radius Minor Radius

1.00< q < 1.01 in inner 1/3 of minor radius (1/9t of volume)

g, = 1.000

slight reversed shear near axis

0.3

<
‘;_ ?EH-'?’»’.",_-
o R S s
— S




Term’s in Ohm’s law for stationary state withq =1 + ¢
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Magnified view of mid-plane values of terms in Ohm’s law
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Strong helical flow velocity field from interchange
instability is dominant transport loss in center.
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Decomposition of velocity field in M3D-C1: 3 components but VeV=0
U 0] X total
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Analysis of terms in temperature equation near magnetic axis

WOTO 4 EnTOVWe = EV-[(KI - KHEJB)-VT(D} n=1 (1)
3 3

nv®.yT® +EnT‘1)V-v(1) = EV-[(KI +1(“66)-VT(0)}+E[7732 + Se:|(0) n=0 (2)
3 3 3

Take the stream function to be the (cylindrical) unstable eigenmode found in [1]:

U(r,0,0)=U,r[L—(r/r)*Isin(d — @) q(r) is flat
interior to
V, =U0[1—(r / n)z}cos(e—(p), vV, =—U0[1—3(r / rl)z]sin(e—gp) radius r,

Assuming constant source, and balancing the first and last terms in (2)

rw_28
3nU,

VeV T® :%s[l_(r/rl)z][l—s(r )]

r|1-(r/1)* |cos(6 - )
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[1] Hastie and Hender, NF 28 (1988) p. 585 “Toroidal internal kink stability in tokamaks with ultra flat q profiles”



Te -<Te>

Analytic formula give reasonable agreement with code results
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Analytic formula give reasonable agreement with code results
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Scaling of driven flow with source and sink terms

Base case n and x, doubled
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Electrostatic potential and flow velocity scale with the size of the source and sink terms
in the temperature equation in this regime. Need to extend to more extreme regimes.
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Scaling of driven flow with viscosity

Contours of V ¢VT in stationary state
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Final state has very little dependence on value of viscosity (same color
scale in the 3 plots)



Scaling of driven flow with beta
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The kinetic energy in the driven flow does depend on the plasma beta.
For small enough beta, the system exhibits periodic oscillations (sawteeth).

18



M3D-C! has two options for advancing the poloidal field.
Results were essentially identical for the two modes.
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Convergence Tests

Kinetic Energy per Mode
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Summary

* For certain parameters, regardless of initial state, plasma will go into
a “self-organized” state with g =1 + € in a central volume

* This large shear-free region is unstable to interchange modes for any
pressure gradient and the instability will drive a strong (1,1) helical
flow.

* This flow does not affect the magnetic field evolution since it has
the property that : B
VxB=-VO® = E:vX(va+.--)=o

* However, the driven flow is the dominant term in the Temperature
evolution equation and dominates over the thermal conductivity.

* The net effect is to keep the central temperature (and resistivity) flat
so that the resistive steady state is such as to preserve the self-
organized state with g=1 + £ in a central volume.



To do

dependence on resistivity and neoclassical effects

dependence on form of thermal conductivity profile k, and heating source S
dependence on beta (more systematic)

dependence on 2F terms

dependence on size of K

dependence on sheared rotation

dependence on error fields

relation to hybrid modes in DIII-D and ASDEX-U?
can we combine transport and stability analysis?



Extra Viewgraphs



K.E. Harmonics
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Kadomsev complete reconnection S=10° 3=.001
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Kinetic Energy

Comparison of resistive MHD and 2F MHD

Two simulations with same p=.001 and $=10°: with and without 2F terms
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g-safety factor

4 1.02 M / 0.0012
—— Frame 58 1.01 A 0.0010 -
3 —— Frame 64 /
Frame 68 = ©
Frame 71 / S 1.00 —\ 2 0.0008 -
—— Frame 77 / ) \, 5
2 4 Frame 80 / 2 0.99 A o 0.0006 A
/ Q =
/,/ < g
e
& 1 0.98 ~ — 0.0004 -
L ) e o
0.97 - 0.0002 -
0 . . . . 0.96 . . . . 0.0000
0.0 0.2 0.4 0.6 0.8 1.0 00 01 02 03 04 05
Minor Radius Minor Radius
0.0012
0.0010 m
s 0.0008 -
€ 0.0006 -
O 64 71 80
[ 0.0004
0.0002 - 58 68 77
0.0650 L L L1 ]
- le-3 A
2 le-4
% 1e-5 -
o le-6
D le-7 4
.E le-8
1le-9 A
le-10
0 10000 20000 30000

Time

40000

2.5 3.0

3.5 4.0

Major Radius

n=1

— n=2

n=3

n=4

n=5

28




Te max
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Kinetic Energy

40000

n=1

n=2

n=3

n=4

n=5

30



safety factor q
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