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Toroidal flow stablization of disruptive high B tokamaks
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Disruptive highB tokamak plasmas can be stabilized by the addition of a sheared toroidal flow.
Nonlinear simulations demonstrate that confinement in flow-free lgtokamaks is rapidly
destroyed by growing fingers of hot plasma that jet out from the center of the discharge to the wall.
The added toroidal flow eliminates the growing fingers, maintaining confinemeng. iAsreases
further, the toroidal flow becomes less effective at maintaining a stable plasma. But a sound speed
toroidal flow increases the critical value ¢f below which confinement is maintained without
disruptions. ©2002 American Institute of Physic§DOI: 10.1063/1.1475682

I. INTRODUCTION independent of the magnitude of the resistifis a conse-
quence, the magnetic field lines are decoupled from the
The fusion of light nuclei in a magnetically confined plasma fingergnot “frozen-in") even asy approaches zero.
tokamak plasma provides a potentially unlimited source ofThe limit of resistive MHD asy— 0 is not the same as ideal
energy. Since the rate at which the nuclei fuse is proportionallHD with 7=0.
to the square of the number density of nuclei, it is desirable  Because of the disastrous consequences that these grow-
to operate a fusion reactor at high density. However, théng fingers have on tokamak energy confinement at gigih
amount of thermal energy that can been stably confined a§ important to investigate potential mechanisms that may
the center of tokamak discharges is limited by disruptionsameliorate their effect. Sheared flows are one such possible
When the ratioB of the plasma thermal energy to the mag- stabilizing mechanism. Sheared toroidal flows have been
netic field energy exceeds a critical val@g;;, then there is  found to have a stabilizing influence on the local linear ideal
an abrupt, catastrophic loss of confinement on a time scale &fIHD stability of ballooning modes with toroidal mode num-
the order of 10Qus? ber n— .58 Since the nonlinear ridges and fingers in our
Our magnetohydrodynamic(MHD) simulations of toroidal simulations balloon on the pressure gradient on the
tokamak$ have demonstrated that tokamaks at hjglare  largeR side of the torus, a sheared toroidal flow may act to
unstable to a spectrum of ballooning modes with toroidaloppose their growth.
mode numbemn that grow on the pressure gradient on the In this paper we investigate the effect of a sheared tor-
largeR side of the magnetic axis, wheReis the major radial oidal flow on the nonlinear evolution of the fingers that de-
coordinate in toroidal geometry. Nonlinearly, the ballooningstroy confinement at higB. Our nonlinear MHD simulations
mode convection cells generate ridges of hot plasma andf tokamaks with toroidal flows demonstrate tliht sheared
valleys of cold plasma that extend toroidally along the out-toroidal flows have a stabilizing effect on hightokamaks.
side of the torus:* When projected onto a two-dimensional The flow can stabilize an otherwise disruptive plasma, main-
plane, these ridges and valleys have the appearance of fitaining confinement.2) Sound speed toroidal flows increase
gers. The rate at which these fingers grow and transport eithe critical value of8 below which confinement is main-
ergy is proportional to the magnitude @f At lower 8 the  tained without disruptiong3) For slow flows the fingers are
fingers grow more slowly and are halted nonlinearly by astill unstable. However, they grow much more slowly than in
self-generated axisymmetric flotnd confinement is main- a flow-free plasma. The fingers no longer balloon out toward
tained. But at highep the fingers grow too rapidly to be the wall at largeR, but instead rotate about the magnetic
affected by the axisymmetric flow, and the fingers of hotaxis. Energy slowly spirals out to the wall on a much longer
plasma rapidly convect across the magnetic field lines frontime scale than in a flow-free plasm@t) As B increases
the center of the discharge to the wall, thereby destroyindurther, the fingers become more difficult to control. The
confinement~* Simultaneously, fingers of cold edge plasmaMach number of the toroidal flow must be increasedds
are injected across the magnetic field lines into the center ahcreased in order to maintain confineme®). As the mag-
the discharge. Importantly, the rate at which energy is transnitude of the transport coefficienteesistivity » and viscos-
ported to the wall by the fingers is independent of the magity u) is decreased, the toroidal flow becomes more stabiliz-
nitude of the resistivityy.* As 7 is reduced in magnitude, the ing. The toroidal flow is more effective at maintaining
number of fingers increases, with the width of each indi-confinement when the Lundquist numigis large.
vidual finger becoming more narrow. But these more numer-  The rest of this paper is organized as follows. Equilib-
ous, narrower fingers at lowertransport energy at the same rium in a torus with toroidal flows is considered in Sec. Il.
rate as the wider fingers at highgr Because of the increas- The equations used in the simulations are presented and the
ingly fine scale fingers generated ass decreased, the time numerical procedure used to solve these equations is out-
scale for diffusion of the magnetic field across the fingers idined. As a baseline, in Sec. Ill we present the results of
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simulations of flow-free high3 tokamaks. The effect of a The toroidal flowV , will alter the equilibrium magnetic

toroidal flow on the nonlinear stability of higs tokamak field unless the flow satisfies the equati®rx (VX B)

plasmas is presented in Sec. IV. The effect of varying the=0. with expressior5) for the magnetic field, it is straight-

Mach numberM, the plasma pressuig, and the transport forward to show that the equilibrium magnetic field will not

coefficients is investigated. We discuss our results in Sec. \be altered by the flow it/ 4 is given by the product of the
major radiusk and an arbitrary functiofi(¢/) of the flux .

II. TOROIDAL EQUILIBRIA WITH TOROIDAL FLOWS It is convenient to také () to pe prqportlonal to the sound
speedcs=\T(#). Then we writeV, in the form

Our numerical simulations of nonlinear stability in toka-
maks with toroidal flows are based on the resistive MHD V.=M

equations for the magnetic fiell, the mass velocity/, the - Raxis

temperaturel, and the mass densipy,:

T(¥), )

where R, is the position of the magnetic axis in major
dBlat=V X (VXB)+ nV2B+V XE,, (1) radius. The ratio of the toroidal flow velocity to the sound
speed is given by the Mach numbler,

JUIgt+V - (VU)=IXB—VP+uV2U+S,¢, 2

0T/8t+V-VT—V||KHVHT:O, 3 V¢>/Cs:MR_- (8)
axis

Ipmlt+V-U-DV?pp=S, , 4

The mass density,, is determined by the force balance
where the parallel gradieVj=b- V with b=B/|B|, the mo- equation(6) together with expressiof) for V. Let us take
mentum density= p,,V, the pressur®=p,,T, and the cur- Pm t0 be a function of the major radili so that the pressure
rentJ=V x B, for a plasma with resistivityy, viscosity x, ~ P(R.#)=pm(R)T(#). Then the component of the force bal-
parallel thermal conductivit , and diffusion coefficienb. ~ ance equatiof6) parallel to the magnetic field can be written
The external electric field, maintains the poloidal mag- as

netic field against resistive diffusion, and the sourSgsnd

Spm maintain the toroidal flow and the mass density against —p =p.M ZR/RgxiS' 9
transport losses. Equatiof)—(4) are solved in toroidal ge-

ometry R,¢,z), whereR is the major radial coordinate of Equation(9) can be integrated to give the equilibrium mass
the torus,¢ is the toroidal angle, and is the vertical dis-  density

tance along the axis of the torus. The equations are given in

normalized unit$in which distances iR andz are normal- =12 MA(R/Raxd*~1], (10
ized to a scale length, the velocityV is normalized to the
Alfvén speed , the timet is normalized to the Alfve time
Ta=alv,, the resistivityy=S"1 where the Lundquist num-
ber S=r, /7, is the ratio of the resistive diffusion timeg to
the Alfven time, and the sound speeg=\T. The magnetic
field in toroidal geometry can be written in the form

By specifying the fluxy, the temperaturel(¢) as a
function of ¢, andV, and p,, as a function of the Mach
numberM through Eqgs(7) and(10), respectively, we ensure
that the component of the force parallel to the magnetic field
is zero in equilibrium. However, the component of the force
perpendicular to the magnetic field is not, in general, zero.
B=Vyx d/R+ B¢€ﬁ, (5)  We obtain an axisymmetric equilibrium dynamically by solv-

) ] ] “ ) ing the two-dimensional component of the MHD equations
yvhere:p is the.poI0|daI magnetic flux and is a unit vector o, the magnetic field1) and the momentuni2) in the po-
in the ¢ direction. ~loidal plane R,z). The net force on the plasma perpendicu-

Axisymmetric equilibria, independent of the toroidal |5 to the magnetic field generates a mass flow which alters
angle ¢, are obtained from Eqd1)—(4) by neglecting the  he magnetic field and, hence, the flyxThe temperature is
time derivatives. In equilibrium, the net force in the momen-han determined through the functional foffi), and the
tum equation(2) must be zero, toroidal flow and the mass density are determined from Egs.

—VP+IX B+ﬁ2pmvfﬁ/R=0, 6) (7) and(lO),_respgctively. With the resisti\(ityzo, but_vyith

a nonzero viscosity, the system relaxes into an equilibrium
whereV  is the equilibrium toroidal flow velocity anRisa inwhich the force balance equatiéd) is satisfied. The small
unit vector in theR direction. In addition to the usual force residual flow is damped away by the viscosity.

caused by the pressure gradient and the LorémtB force, An example of an equilibrium with a sound speed toroi-
there is an additional centrifugal force outward in the majordal flow (Mach numberM =1) is shown in Fig. 1. Figure
radius because of the toroidal flow. 1(a) is a plot of the toroidal flowV, (solid line) and the

The rapid transport of energy along the magnetic fieldpressureP (dashed lingas a function of the major radiu®
lines forces the equilibrium temperature to be uniform alonghrough the midplanez&=0) of a torus, for a plasma with
the equilibrium magnetic field line®- VT=0. With expres- B=2P0/B§)O=2%, whereP is the pressure at the magnetic
sion (5) for the magnetic field, it is easy to show that this axis andB,, is the toroidal magnetic field at the magnetic
condition is satisfied if the temperature is a functigiy) of  axis. The safety factag in this equilibrium increases mono-
the flux . tonically from 1.1 at the magnetic axis to 3.3 at the wall.
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b.12 b.012 As the equilibriumg increases, confinement is destroyed
] r in the same manner, although even more rapidly. WBen
- i =2%, the fingers become sizable by 250r,, and the fin-
gers continue their rapid convection nearly reaching the wall
at largeR by t=400r, . As a result of doubling the tempera-
P ture, confinement has been destroyed in about half the time.

— 0.00s

— 0.004

IV. CONFINEMENT WITH TOROIDAL FLOWS
A. Mach number M

- 0.o000
2 3 4 Consider now the effect of a sheared toroidal flow on

tokamak confinement at high The plots in Fig. 3 illustrate
R the effect of toroidal flows on the nonlinear stability ofsa

o ) ) i =1% tokamak plasma. The simulations shown in Fig. 3 are
FIG_. 1._ Equilibrium with a sound spee_d toroidal flow. The torom_ial iy identical to the,6’= 1% simulation shown on the left-hand
(solid line) and the pressurB (dashed lingare plotted as a function of the . . . A .
major radiusR through the midplanez=0) of a torus for a plasma with ~ Side of Fig. 2, with the same initial perturbation &at0,
B=2%. except for the addition of a toroidal flow with Mach number
M to the equilibrium.
When the speed of the toroidal flow rises to 30% of the
The nonlinear equations are solved on a Cartesian grid igound speedM =0.3), the plasma is still unstable but the
R, ¢, andz. Spatial derivatives are evaluated to fourth orderperturbation grows more slowly. The plots on the left-hand
in the grid spacing\ (Ref. 10, while time stepping is second side of Fig. 3 show the nonlinear evolution of &= 1%
order accurate in the time stéyt with a leap frog trapezoi- tokamak plasma with a toroidal flow of Mach numbier
dal schemé?! =0.3. Structures with a finger-like appearance grow, but the
fingers no longer balloon out to the wall at larBeas in the
flow-free case. Instead, the fingers are more uniformly dis-
lll. DISRUPTIONS AT HIGH B tributed in poloidal angle. These fingers slowly rotate in the
The nonlinear evolution of a flow-freeV(=0) tokamak poloidal plane about the magnetic axis. As the fingers rotate,
the thermal energy slowly spirals out from the center towards

plasma at highg is illustrated by the simulation results ; o
shown in Fig. 2. This figure contains a series of plots thatn® Wall over a time scale of several thousand Atfiines.

illustrate the temporal evolution of the temperature in the! NiS transport of energy is much slower than the rapid dis-
poloidal plane R,z) at toroidal angle¢=0. The hottest ruptive loss of confinement seen in the flow-free simulation.
plasma is located in the red region. The plasma becomes 'hen the toroidal flow speed increases to the sound
progressively cooler through the orange, yellow, green, angP€€dM =1, then confinement is maintained by the flow.

blue regions, with the coldest plasma located in the violet! € Plots on the right-hand side of Fig. 3 show the effect of

region. The boundary of the plasma lies at the inner edge ¢t S0Und speed toroidal flow on nonlinear stability when

the light blue area located at the edge of each plot. Twg 1%. The hot plasma remains confined at the center of the

different simulations are shown in Fig. 2. These two simulaPoloidal cross-section, away from the wall. The sheared
tions differ only in the temperature of the equilibrium; all SONIC toroidal flow. has eliminated the growing fingers that
other parameters are identical. The transport coefficignts Nad caused a rapid loss of thermal energy in the flow-free
=p=D=3x10"*, and the parallel thermal conductiok) plasma.

=1. The series of plots on the left-hand side of Fig. 2 show

the temporal evolution of a plasma wig= 1%, while the
nonlinear evolution of a plasma wiiB=2% is given by the
plots on the right-hand side.

In each case, an identical, small, three-dimensional per- As g increases in a flow-free tokamak plasma, confine-
turbation was applied to the tokamak equilibriunt&t0. In - ment is destroyed ever more raipdly by the growing plasma
both cases the plasma is unstable. Convection cells develdimgers (Fig. 2). The plots on the left-hand side of Fig. 4
and the plasma flow in these cells transports the hot centrahow the effect of a sound sped&di=1 toroidal flow on
plasma to the wall in ridges that extend toroidally around thenonlinear stability whenB=2%. Thin rotating fingers
outside of the torus. The two-dimensional projection of theseslowly grow, resulting in a slow spiralling of thermal energy
ridges onto the poloidal plane has the appearance of fingerBom the center out toward the wall over a time scale of
When B=1%, these fingers become sizable 36007, . several thousand Alfvetimes. The sonic toroidal flow has
The hot plasma fingers continue to rapidly grow towards thegreatly reduced the rate at which thermal energy is lost when
wall at largeR att=900r,, destroying confinement. Simul- B=2%. But energy is still transported out to the wall, unlike
taneously fingers of cold edge plasma grow inward towardshe case whe=1% where a sonic toroidal flow maintains
the center of the plasma column. confinement.

B. Plasma pressure B
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FIG. 2. (Color) Disruptions at highg.
The series of plots shows the nonlinear
evolution of the temperature in the po-
loidal plane R,z) at toroidal anglep
=0, for a flow-free tokamak plasma
with 8=1% (left-hand sid¢ and B
=2% (right-hand side The hottest
plasma is located in the red region.
The plasma becomes progressively
cooler through the orange, yellow,
green, and blue regions, with the cold-
est plasma located in the violet region.
The boundary of the plasma lies at the
inner edge of the light blue area lo-

t: 6{}{} T A l — ?_ﬁU T A cated at the edge of each plot.

[
[
e

2 3 R 4 2 i R 4
1=900 1, t=400T1,
C. Transport coefficients eliminated when the transport coefficients are reduced in

The transport coefficients used in these simulations arg1agnitude ton=u=D=1x10 ° (§=1x10), and stable
much larger than those at the center of a large, hot tokamak°nfinement is maintained. _ o
where the Lundquist numb&~ 10°— 1. The plots on the We have also carried out a simulation identical to that
right-hand side of Fig. 4 show the effect of a reduction in theShown on the left-hand side of Fig. 3 whefe=1% and the
magnitude of the transport coefficients on the nonlinear staMach numbeiM =0.3, except that the transport coefficients
bility of high 3 tokamaks with toroidal flows. The simulation have been reduced in magnitude by a factor of 16ytou
on the right-hand side of Fig. 4 is identical to that on the=D=3X10"°. Again, the spiralling transport of thermal
left-hand side except that the magnitude of the transport cegnergy to the wall is eliminated when the transport coeffi-
efficients for the simulation on the right has been reduced bgients are reduced, and confinement is maintained.
a factor of 30. The spiralling transport of thermal energy to ~ However, when the temperature is increase@to6%
the wall seen whem=pu=D=3x10* (S=3.3x10% is  with y=u=D=1X10 °, a sound speed toroidal flow is no
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FIG. 3. (Color) Nonlinear stability with toroidal flows.
The series of plots shows the nonlinear evolution of the
¢ 0 2 - temperature in the poloidal planeRz) at toroidal
angle =0, for a B=1% tokamak plasma with a tor-
oidal flow of Mach numbeM =0.3 (left-hand sideand
M =1 (right-hand sidg
=1 )
. 3 4 2 3 4
[
t=3000 T,
|
) - . -
-1 -1
5 3 4 2 3 4
H I
t=5000 T,

longer sufficient to maintain confinement. Confinement isaddition of a subsonic toroidal flow acts to stablize the
lost as thermal energy is rapidly convected to the wall in aplasma. The fingers still grow, but much more slowly. In-
couple of hundred Alfve times. A toroidal flow of Mach  stead of ballooning out to the wall at large the fingers are
numberM becomes less effective at stabilizing a plasma agyore uniform in poloidal angle and rotate about the magnetic

B is increased. axis. Rather than a rapid, direct loss of confinement, thermal
energy spirals to the wall. With further increases in the mag-
V. DISCUSSION nitude of the toroidal flow speed, the fingers are eliminated

Our numerical simulations demonstrate that disruptive?together and confinement is maintained. As the transport
high 8 tokamaks can be stabilized by the addition of acoefficients are reduced in magnitude, the stabilizing effect
sheared toroidal flow. In flow-free tokamaks, confinement isof the toroidal flow becomes even stronger. When the mag-
rapidly destroyed by fingers of hot plasma that balloon oumnitude of the transport coefficients are reduced in a flow-free
from the center of the discharge to the wall at laR)eThe  plasma, the fingers generated become more numerous and

Downloaded 02 Mar 2004 to 128.8.86.10. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



2660 Phys. Plasmas, Vol. 9, No. 6, June 2002 R. G. Kleva and P. N. Guzdar
B=2%
M=1
n = 3x10 =1%10:°

t=1000T,

FIG. 4. (Color) Transport coefficients. The series of

plots shows the nonlinear evolution of the temperature

in the poloidal planeR,z) at toroidal anglep=0, for a

B=2% tokamak plasma with a sonic toroidal flow

(M=1). The classical transport coefficienys= u=D
w1l 0 =310 * for the plots on the left-hand side whitg

=u=D=1x10"5 for the plots on the right-hand side.

|

t=3000t1, "

1
. . -
-1

: t=5000t, °

narrower in width! But these narrower fingers at smallgr In the ideal MHD approximation, the transport coeffi-
and u destroy confinement at the same rate as the widecients are neglected and the growth rate of ballooning modes
fingers at largem and . The loss of confinement in flow- at largeg is proportional to the sound speed or, equivalently,
free tokamak plasmas is independent of the magnitude of thiae square root of the temperatdfeBut the structure of the
Lundquist numbelS. However, the stabilizing effect of the fingers generated in our nonlinear simulations depends on
toroidal flow increases a$ becomes larger. The toroidal the magnitude of the resisitivity.* As the magnitude of the
flow is more effective at shearing apart and stabilizing theresistivity decreases, the numberof fingers generated in-
narrower structures at larg& creases adl~ 5~ Y2 while the widthw of each finger de-
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