
GA-A22084 

STABILIZATION OF 
GLOBAL MHD INSTABILITIES 

BY TOROIDAL PLASMA ROTATION 

bY 
M.S. CHU, R.L. MILLER, A. BONDESON,~ 

H. LUETJENS! G. DeRlDDERP and 0. SAUTER' 

This is a preprint of a paper presented at  the 22nd EPS 
Conference on Controlled Fusion and Plasma Physics, 
July 3-7, 1995, Bournemouth, United Kingdom, and 
to  be printed in the Proceedings. 

Work supported by 
U.S. Department of Energy 

Contract D E-AC03-89 ER51114 

+ U ppsala university, u ppsala ' Ecole Polytechnique, Palaiseau ' CRPP/EPFL, Lausanne 

GENERAL ATOMICS PROJECT 3940 
JULY 1995 



DISCLAIMER 

This report was  prepared as an account of work sponsored 
by an agency of t he  United States  Government. Neither the  
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for the  
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents tha t  
its use would not infringe privately owned rights. Reference 
herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the  United 
States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily 
state or reflect those of the United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



Chu et al. 
STABILIZATION OF GLOBAL h4HD INSTABILITIL. 

BY TOROIDAL PLASMA ROTATION 
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Theoretical study [l] and experimental observations [2,3] suggest that rotation can play 
a crucial role in determining plasma stability. Since conventional magnetohydrodynamic 
(MHD) analysis ignores rotation, more advanced computational tools are being devel- 
oped to confirm our theoretical understanding and to perform comparison between 
theory and experiment. In a previous work [4], we reported on the formulation and 
computation of MHD modes in plasmas with a small (subsonic) toroidal rotation. 
Rotation is found to have a substantial stabilizing effect under many circumstances. In 
this work, we extend the formulation in Ref. 4 to include an arbitrary (large) toroidal 
plasma rotation. It is the purpose of this work to examine the difference between these 
two formulations and report on results from computations using these formulations. 

The MHD equilibria analyzed here are obtained from several different equilibrium codes 
[5-71. Excellent agreement has been found among them. Each of these codes solves the 
generalized Grad-Shafranov equation A *$ = - [FOR' (a/W)po($, R) + TT'($)]. The 
effects of toroidal rotation are included through the modification of the local pressure 
po($,R) which is now a function of both the poloidal flux function $ and the major 
radius R. Here we used the representation B' = fit$ + 9 4  x a$ for the magnetic 
field. The Iocal pressure po is related to the (static) approximation of the pressure 

pn = ( 1 / 2 ) p & 4 ~ ~  is a measure of the rotation energy, p~ being the density in the 
(static) approximation, and RT is the location of the magnetic axis. The equilibrium 
velocity is given by $0 = R2flo($)G4. In this formulation, the equilibrium is specified by 
the three flux functions p~(+), TT'(+), and M 2 ( $ )  = p n / p ~ .  Equilibria with different 
amounts of toroidal rotation can then be related by keeping p ~ ,  TT' the same and 
increasing M 2  (the Mach number square). The local density pa is bF($, R). 
A straightforward linearization of the full set of MHD equations gives the following 
equations for determining the perturbed quantities ($1, &, 5, p1,  p l )  

profile PE($) through Po = pEF($, R), and w, R) = .xp{@n/pE)[(R2 - %)/%I}. 
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(3) 
(4) 

( 5 )  . -  ........................................................ 
In the above set of equations, subscript (0,l) denotes (equilibrium, perturbed) quanti- 
ties. n is the toroidal mode number, = 31 x [(3o/R) x 21 + (31 * e).’~, and II1 is the 
perturbed viscous stress tensor. Equations (1) through ( 5 )  are the equations of (motion, 
perturbed Ohm’s law, Amere’s law, pressure, and density) written in the local (fixed, 
Eulerian) reference frame. These equations differ from the equations with no rotation 
in Ref. 8 by the appearance of the dotted and solid underlined terms. These can be 
identified as the Doppler shift terms, the modification to the Ohm’s law (& .eSlo)R2eq5 
in (2), the linear and quadratic rotation inertial terms in (l), and the extra equation 
for the perturbed density. We call the formulation given in the present paper the sonic 
formulation. This is to be compared with the subsonic approximation in which only the 
solid underlined terms are kept and the rotation effect on the equilibrium is neglected 
[4]. Equations (1) through ( 5 )  constitute an eigenvalue problem for the complex growth 
rate 7. Its determination is complicated by the non self-adjointness induced by the 
rotation. The M A S  code [8], which was formulated explicitly for the solution of these 
non-selfadjoint equations, is extended to solve this set of equations. 

We first present results obtained from the solution of Eqs. (1) through (5 )  for a plasma 
which is unstable to the external kink with no rotation and evaluate the effect of adding 
toroidal rotation. The effect of rotation on equilibrium (which in turn affect the stability 
of the plasma) is taken into account self-consistently. The equilibrium used is that for 
a JET shaped plasma with elongation 1.6, triangularity 0.3, aspect ratio 3.0, with 
a central QO of 1.08 and edge qe of 2.55. The p [= (2p0(p))/B2] value is 5% and 
I /aB  = 1.58. We computed the complex growth rate of the plasma with the same 
current and pressure profile, at fixed I/uB as a function of the distance of the external 
wall. At M2(= pn/m) = 0, the plasma is unstable to the external kink mode when 
an external conducting wall lies beyond b = 1.2~. In general the growth rate is weakly 
dependent on M 2 ;  the marginal stability point is not much affected up to M 2  = 0.4 
(0.4 covers the range of achievable experimental range of this parameter). The real 
frequency of the mode is in general proportional to 

These results have been compared to the results obtained for the same (static equilib- 
rium) but using the subsonic approximation [4] for the computation of plasma stability. 
We found excellent agreement between the sonic and subsonic formulation of the growth 
rates of the plasma and also of the real frequencies of the plasma when these are 
moderate in size. Near the marginal stability point of b x 1 . 2 ~ ,  with full rotation, 
the real frequency decreases, while with the subsonic appraximation, the real frequency 
remains about the same. We may trace the difference in this behavior to the details of 

c. 

as expected. 
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the rotation, density, and safety factor profiles. In summary, results from the subsonic 
approximation agree with those computed with the full rotation effects except near the 
marginal stability point at which details in rotation and density profiles may affect the 
mode structure and give different predictions. 

The following results are obtained from the systematic application of the subsonic 
approximation to the investigation of plasma stability. The central Mach numbers 
in these cases are within the range tested in the previous paragraph. Of particular 
interest is the stability of the resistive wall mode, the unstable mode which develops in 
stationary plasmas when an ideally unstable plasma is enclosed by an external resistive 
wall [l]. The stability of this mode, in the presence of rotation, has been described 
recently [4] using a cubic dispersion relation. Shown in Fig. 1 is the general stability 
diagram mapped out by using the extended MARS code. The stability diagram consists 
of three branches. Branch 1 is the ideal unstable mode when the wall is at 00 which 
turns into a stable mode when the wall reaches the stability window. Branch 2 is the 
wall mode which is unstable when the wad is closer than the stability window. A third 
branch which was not predicted by the simple dispersion relation is also found [4]. This 
branch is always damped, has a real frequency very close to zero, and is found to persist 
regardless of the plasma beta, elongation, or triangularity. It is conjectured that it 
arises from the poloidal coupling of the wall mode to different poloidal harmonics and 
it could play a significant role when the plasma is surrounded by a partial wall. 

We have also used the extended MARS code to evaluate the stability of the proposed TPX 
plasmas. The TPX equilibrium is here taken to be a D-shaped plasma with elongation 
1.8, triangularity 0.5, and aspect ratio 4.5. It is designed to have a revered central 
shear with a central g value of 2.54, g- of 2.12, and ge of 3.54 [9,10]. The spedfied 
current profile (see Ref. 10) gives rise to a high percentage of bootstrap current for this 
configuration. As additional input in the computation, the density, and rotation profles 
of DIII-D reverse magnetic shear experiments [3,11,12] are used. The critical location 
of the external ideally conducting wall for the stabfity of the external kink modes with 
n = 1 and n = 2 compares favorably with the results reported in Ref. 10. The flow speed 
required (normalized to the Alfv6n frequency at the plasma center) for the stability of 
the resistive wall mode with a resistive wall at 1.3 plasma radius is shown in Table 1. 
When expressed in units of the rotation speed observed in DIII-D, we note that, in 
general, a flow speed twice that achieved in DIII-D is sufficient for the stabilization 
of the wall mode. This appears to be less than that computed in Ref. 13. A possible 
explanation is that Ref. 13 assumes a rigidly rotating plasma. It reduces the momentum 
transfer between the plasma and the external wall from that of a differentially rotating 
plasma. 

We have also applied the code to the study of plasma stability in the reversed central 
shear-advanced tokamak experiment in DIII-D [3,11,12]. In this case, during the initial 
formation of the reversed central shear, the plasma develops two g = 2 surfaces. We 
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find that sufficient shear flow can stabilize the 2/1 double tearing mode. Details of this 
mechanism were previously studied by Dewar and Persson for a cylindrical plasma in 
Ref. 14. Shown in Fig. 2 is the computed growth rate and real frequency of the mode 
as a function of the rotation rate. Beyond a rotation rate 70% of that observed in the 
experiment, the mode is stabilized. 

Table 1 
Central Flow Speed 

(units of AlfvCn speed) 
Resistive Wall at 1.3 a 

yxl0. 
n = l  n = 2  -5 0.004 * * 

-10 -o . * % 

<0.834 1.0 1.4 1.8 2.2 0.0 0.2 0.4 0.6 0.1186 -1 5 
0.146 bla Q"QQ!XQ 
0.113 0.1595 
0.1054 0.152 Fig. 1: Generic stability dia- Fig. 2: Stabilization of double 

'Tearing mode found 
gram for resistive wall mode. tearing mode by shear flow. 
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