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TOPICS

� Basic two-
uid limits on high beta performance of stellarators:

Numerical, nonlinear, complete 3D con�guration, using M3D code.

Quasi-axisymmetric stellarator NCSX and equivalent axisymmetric cases

� Two-
uid e�ects stabilize MHD modes at high mode number that set the

theoretically strongest limits on stellarators

� Two-
uid e�ects (rjjpe=en in Ohm’s law) enhance nonlinear magnetic recon-

nection rates

Stellarator beta may be limited by magnetic reconnection, not MHD modes

� Two-
uid e�ects introduce important global steady state conditions in toroidal

plasmas

� Importance of rkpe in Ohm’s law.



Two-
uid model

� Simple nonlinear model to capture \low frequency" dynamics perpendicular to

B, based on drift ordering: v=vth � � � 1, @=@t � �vth=L, !=
ci � ��i=L �

�2 (part of M3D code, Sugiyama and Park, Phys. Plasmas (2000)).

� Parallel-to-B dynamics includes parallel thermal equilibration along B.

(Neoclassical parallel stresses r � �jk dropped here.)
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� De�ne 
uid velocities in terms of v�e � �B � rpe=(eneB
2) as vi = v + vdi,

ve = v + v�e � Jk=ene, where vdi � J?=(ene) + v�e.
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The parallel di�usion r ��jkrkTj, j = i,e, is treated as if due to parallel wave

motion with speed svA (arti�cial sound method):

@T=@t = sB=� � rvA

@vA=@t = sB � rT + �r2vA:



Two-Fluid Parameters

� MHD steady states with v = 0 depend only on the combination �� in addition

to the equilibrium quantities. (W. Park, et al., Phys. Fluids 29 1171 (1986))

{ Scaling � to �� and � to �=�, changes v to �v, but leaves p, B unchanged.

� Two-
uid plasma parameters:

{ The two-
uid terms are proportional to the two-
uid parameter

H � 1=
ci�A = c=(!piR).

{ pe=p at �xed total pressure p.

{ rkpe=pe.

{ ve and vi are not both zero in steady state, in general.

� Simulation parameters

{ Resistivity (Lundquist number) S = 105

{ Ion perpendicular viscosity � = 5 � 10�4, in some cases extra toroidal

viscosity

{ H = 0:02 (actual value)



NCSX

R = 1:4 m

R=hai = 4:4

BT = 1:44 T

�=2� = 0:4{0.65

3 Toroidal periods

Cross sections



� NCSX MHD equilibrium pro�les for � = 7%.
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� Equivalent axisymmetric equilibrium at 7% beta was calculated using same
pressure and q pro�les.
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Stellarator:

MHD resistive relaxation reduces the magnetic islands present in

the initial VMEC ideal MHD equilibria.
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At high beta, an MHD ballooning mode grows and rapidly causes

loss of outer 
ux surfaces. 7% beta case.

� Perturbation begins in the low magnetic shear region near the plasma edge, in

the most unfavorable curvature region.

t =

30.8

� The mode grows in three locations. When it is large enough or extends inward

enough, reconnection begins with high m,n near q = 5=3 (t ’ 62).

71.9



� Phase 3. Reconnection rapidly destroys the magnetic surfaces outside q = 2.

77.0

Surface pressure perturbation for nonlinear ballooning mode.



MHD ballooning at 8% beta grows more rapidly and causes loss

of outer 
ux surfaces by t ’ 55�A.

t =

55:0

� Lower spatial resolution gives somewhat di�erent mode pattern.

� The di�erences seen with resolution and beta are characteristic of ideal bal-

looning modes.



Two-
uid e�ects e�ectively stabilize the high m,n ballooning

mode at high beta, up to 8% or higher for NCSX.

Shown: � = 7%, equilibrium Te = Ti, S = 105, H = 0:02.

t = 25:4 t = 224

� Resistive ballooning mode is easily stabilized by FLR e�ects.
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Ion FLR stabilization due to the !�!�i factor in the dispersion relation requires

!�i=
MHD & 1.

� Easily satis�ed at realistic H (m ’ 30, H = 0:02, v�i� ’ 0:1vA, and


MHD�A ’ 0:2 gives !�i=
MHD � 15).




