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Application Campaign:
What limits g, in an ohmic discharge?

* resistive or 2F MHD

* can take very long time steps At ~ 10-100 t,
* total simulation time up to 10° or 10° 1,
* free-boundary
* plasma can be separatrix limited
* plasma is surrounded by low-temperature plasma "vacuum”
e simulation domain is interior to vacuum vessel
* need to specify:
* transport model (n, u, %)
* sources for energy and particles
* loop-voltage on vacuum vessel

* with controller o maintain plasma current



Kinetic Energy (AU)
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Depending on the transport model.
sawteeth or internal helical states
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DIII-D
Comparison of D-shaped and elliptical

We have compared the simulated sawtooth behavior of two
discharges with very similar parameters but with differing
cross-sectional shapes.

« The kinetic energy peak for the dee-shaped plasma is
about 10 times that of the elliptical shaped plasma

* Likely explained by the larger region in the dee-shaped

lasma that reconnects. The g-profile can decrease to a
ower value before the plasma is sufficiently unstable to
initiate a reconnection event.



Kinetic Energy

Peak KE for Dee-shaped plasma ~
10x that of ellipse

Kinetic Energy vs time of sawtoothing plasma
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Same transport model used for both



Poincare plots for elliptical plasma calculation

Kinetic Erergy

Relatively small reconnection region



Poincare plots for dee-shaped plasma calculation

=1 island persists for
the entire cycle: SNAKE!

Note: m

Much larger reconnection region
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Comparison of q-profiles
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Pressure
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Max Te

KE

We suspect there are 3 timescales that
scale differently with resistivity

The temperature crash is
very short compared to
the reconnection time.

We are now performing
scaling studies to verify
this.
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CGrowth Hale

NSTX
Study of the “long-lived” mode

Mode Growth Rate vs qd, At the 2010 IAEA meeTing,
) Breslau studied the nonlinear
behavior of a series of

0.06 — n=10" | equilibrium that were obtained
—— =107 by "Bateman Scaling” an EFIT
0.05 - reconstruction of an

experimental equilibrium.

It was found that a saturated
n=1, m=1,2 mode would appear
for qO low enough.

0.01 | Here we are trying to

reproduce this more self-

000 +—— consistently by fime-evolving
| S the initial equilibrium




Safety factor (q)

Safety factor (q)

NSTX

Comparison of the g-profiles
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NSTX

Status of the time-evolution run

Calculation is still running on the PPPL local
cluster, but has not yet developed any non-
axisymmetric instability.

Presently has t= 18,000 1, with g, = 1.10

Likely difference between the "Bateman
scaled” equilibrium is the difference in the
central shear..much greater in this series.

Likely need to include NBCD in calculation to
get correct g-profile evolution
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ITER calculation still in progress.
Partial reconnection has occured

= = R\
T=13,622 1, T=17,622 1, T=20,622 1, T=24622 1,
B(0) = 0.087 B(0) = 0.087 B(0) = 0.077 B(0) = 0.070

Poincare plots ®)PPPL
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Electron Temperature

Electron Temperature

0.185

Internal mode has not yet affected
plasma boundary...but still developing
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2F Ohm’s law in M3D-C1

There are two forms of the 2F Ohm’s law that are mathematically equivalent:

OB 1
E = Vx{uxB —nd ——(JxB - Vp, —V-He)} Electron form
ne

ot e \ ot ne

*We have implemented both of these forms in M3D-C1
* to serve as a check....can we get same result?
* to determine which has better convergence properties in 3D



2-fluid split algorithm

Recall the split algorithm consists of a velocity solve followed by separate

solves for the fields, the temperatures, and the density.
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1. How is the velocity solve modified by 2F terms ?
2. How is the magnetic field solve modified by 2F terms?

V=R*VU xVp+wR’Vp+R*V y

B=VyxVep-V '+FVep:

p.=nT, & p =nT

Vif=F-F



ion form of 2-fluid velocity solve

M,V = (J+05t(VxB))x(B +65tB) -V (p+05tp)+---

: : M. . 1
B:Vx[(VwLH&tV)xB—T'(V+V0VV)—E[Vpi +V°Hi]+--}

—lon velocity form for 2F differential approximation operator

2F Implicit velocity advance becomes:
(NM, =65t + 05td;L, ) V™ = (M, + 0(6—1) St?L, + 65t L, ) V" +---
Here, the two operators are defined as:
L {V} ={Vx[Vx(VxB)]|xB+(VxB)x[Vx(VxB)]+V(VsVp+ypV:V)

Ll{V}={V><[V><V]}><B+(V><B)><[V><V]



Magnetic field solve with ion form

M.
Q(WA):VX uxB-nJ-—— CLI —i(Vpi+v-Hi)
ot e \ ot ne

A M.

8—:u><B—77J——' a—u+u-Vu —i(Vpi+V-Hi)+VCD

ot e \ ot ne
Note that time derivatives of A and u enter in a similar way. This is

facilitated by the form taken for the velocity and the vector potential in
M3D-C?

u=R*VUxVp+wR*Vp+R?V y
A=-RVixVp+yVo

. . M. . M.
Thus, we have: f > f ——U, v >y +—R%®
e e



For electron form, introduce Harned-Mikic terms
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Dominant cross terms in field advance are marked in red



Harned-Mikic terms -- 2

Implicit advance for the field variables have the Harned-Mikic terms
added to make the matrix more diagonal and improve the 3D iterative
solution when 2F terms are present.
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Eigenvalues of the field matrix after
preconditioning (with no HM terms)
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Eigenvalues of the field matrix with d,=.09 after preconditioning
showing the effect of the Harned-Mikic terms (in red)

Imag

Imag
Imag

Real Real Real

0.4 1 o] 0.4 A o) 04 4 o

02 1 0.2 1 0.2

0.0 0.0 1 0.0

Imag
Imag
Imag

0.2 4 -0.2 4 0.2 4

0.4 o
0.4 -0.4 Qo 0.4 4 o]

04 02 00 02 04 04

Real Real

There is some improvement in the ratio of largest to smallest eigenvalues, but
since matrix is non-symmetric, the significance of this is unclear.
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GEM Test Problem convergence study
with and without new velocity operator
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New terms appear to (slightly) improve time convergence!



Summary / Conclusions

Sawtooth studies show wide range of behavior
— Sawteeth, long-lived mode, snakes

Actual evolution depends on many factors
— Plasma boundary shape
— Transport model and profile evolution
— Heating and current drive terms

Evidence that thermal crash time is separate from reconnection time and
scales differently with resistivity.

ITER studies show very little boundary distortion from internal mode

Two-Fluid algorithm optimization underway
— Comparing electron and ion form of Ohm’s law
— Optimizing 3D iterative solve
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