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Outline

e M3D code
MHD, two-fluids, hybrid models.
o NSTX studiesincluding flow effects
2D steady states.
Evolutions of IRE’s.
e TAE, BAE modes—G.Y. Fu, Session V-A
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Multilevel 3D Project for Plasma Simulation studies
Various physics levels are needed to understand the physics.
The best method depends on the problem at hand.
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MHD model

e Solves MHD equations.

DOV/OL + pV-VV = —Vp + JxB + V3V

3Bft = —VXE, E=(-vxB+nJ),
| 20/t + Vi(ov) = 0

J=VxB

Jp/at + v-Vp = Vv + pV-x V (p/p)

The fast parallel equilibration of T is modeled

using wave equations;

+dT /ot =s Bfp-Vu
Juft=s BVT +vVu

s = wave speed/ va

Two-fluid MH3D-T

» Solves the two fluid equations
with gyro-viscousity and
neoclassical parallel viscousity terms in a torus.

e Equations
VEVi - Vr = e—Vg +dJi/en,

(v; = BXVP, /(enB’), vi=Vi+J/en,

poV/ot + pv-VV + p(vi-V)vi=-Vp + JxB - b*VII;,

3B/t = —-VxE, E=(-vxB+1J)- ViP./en - b-V-Ile,
J= VxB,

dpfdt + V-(pv;) = 0,

op/ot +v-Vp = —ypV-v + pVaVu(p/p)
—ViVp + (1/en)d-VPg
— V-V + yp.d-V(1/en)

dPe /ot + v-VPe=—yPYVV +p V-V (Pe/p)
+ (1/en)d VP, — 7PV (ve— J /en)



GK Hot Particle /MHD Hybrid MH3D-K GK Particle lon / Fluid Electron Hybrid

» Fluid equations e Pressure coupling

pov/ot + pv-Vv = —Vp —~(V-Py), + JxB (Pressure coupling) POV/t + pv-Vv = —V-Pi —VPe +JxB

CGL

of = -V-Pi —VIIi -VPe + JxB
pov/dt + pv-Vv = -Vp + (VxB - J;) xB +q,V<xB

Current couplin ceL _ _

( Pling) V-Pi : from particles following GK egns.
B/t = _V<E E= vxB —n(J - J,), J=VxB VIIi : fluid piCture as 2 fluid eqgns,
3p/at + V-(pv) = 0 or from particles.
ap/ot +v-Vp = —ypV-v + pV-x:V (p/p)

e Fluid electrons

» Gyrokinetic equations for energetic particles
E=-VexB +nd+ V:-Pe/ne

dR/dt = u[ b + (U/Q)b X (b-Vb) ]+ (1/Q)b X (LVB - gE/m),
= VexB +nd+ VPe/ne + bb-V:Ile/ne

du/dt = [ b + (W)b x (b-Vb) ] - (LVB - gE/m).
oB/iot = VxE, J=VxB

Pe egn currently, but P, and P, eqns are planned.



2D steady state with toroidal sheared flow

Quas neutrality: r VAV +NxP- J B=0
E: ﬁCGL + Eg
= pl +(P - PP +Pyg

MHD Hot Particle/MHD 2-Fluids

MHD:
Atthemagneticaxiss. J B=0
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Density profile dependence on sheared Rotation
e-1.3 (o=0.8 gp=5 MRD

Ma=0

Ma=0.2
Sh=0 S$=0.3
I max=1 I max=1.1
R I min=0.5 I min=0.5
Ma=0.5 Ma=0.8
Sh=0.4-0.07=0.33 Sh=0.5-0.15=0.35
I max=1.9 I max=5.2
I min=0.2

I min=0.005




Density profile dependence on Physics model
NSTX e-1.3 (p=0.8 gp=5

Two-Fluids

Ma=0.2

Ma=0.2
Sh=0.3 Sh=0.3
I max=1.1 I max=1.1
I min=0.5 - 1. I min=0.5
RASh=1 Hybrid: trapped i

R, » 0.2,

Ma=0.2 Ma=0.2
Sh=0.3 Sh=0.3
I max=1.2 I max=1.8
I min=0.5 I min=0.15
RelSh=0.8

RelSh=1.9



Hot particle pressure Pn
In the hybrid ssimulation

Similar to
Experimental situation

Mostly trapped particles
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Linear Eigenmodes: shear flow reduces growth rate
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Linear Instability Eigenmodes
Top view on the horizontal mid-plane

Ma=0 With shear flow: Ma=0.2
0=0.03 Reduced growth: g=0.01
Wh=0 Rotating mode: Wm=0.13




Nonlinear Evolution without strong flow: similar to a sawtooth crash




When the inversion radius is large or the plasma b is increased,
magnetic islands overlap and become stochastic.

Disruption due to field line stochasticity.

-2

a L

TR L N N R RN IS N T T R
.2 4 ] 8 12 1.2 1.4 1.6 1.8 2.8 2.2 2.4
w



NSTX #104144
Soft X-ray Data
Fluctuations

Experiment

| Soft X-ray signals

compared:

Theory agrees with
experiment on generad
characters, but does not
have wall locking and a
saturation phase.
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Nonlinear Evolution with peak rotation of Ma=0.2

Sheared rotation causes mode saturation,
If rotation profile is roughly maintained.

However, with a normal momentum source rate,
Vit profile flattens with reconnection,
and full reconnection usually occurs.

A
Pressure and Vf profiles
are flattened insde island.

Also seen in experiment.
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Sometimes, r and T out of phase spontaneously occur, saturate the mode




Saturated steady state with strong sheared flow

B Fieldline
In theisland
Density (Pressure)
contours
Temperature
Isosurface

Pressure peak inside
the isand together
with shear flow
causes the mode
saturation.




Summary

M 3D code studies of NSTX.

The relative density shift relation holds both in the
simulation and experiment, with the centrifugal force of the
hot component included.

Toroidal sheared rotation reduces linear growth of internal
kink. It is strongly stabilizing nonlinearly, but is normally

flattened by reconnection. I|n some cases, pressure peaking
In the iIsland causes a mode saturation.

|RE: Sawtooth, Disruption due to stochasticity, and

Disruption due to nonlinear steepening of pressure driven
modes, as In tokamaks.

Resistive wall and coil currents are being added to extend
the applicability regime.



