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Numerical simulation of the equilibrium and transport
of a centrifugally confined plasma
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A centrifugally confined plasma utilizes centrifugal forces from supersonic plasma rotation to
augment the conventional magnetic confinement of fusion plasmas. Appropriately used, plasma
pressure can be contained along the magnetic field lines, allowing for “open” configurations,
introducing flexibility in design. The axisymmetric equilibrium of one such system, a single coil
configuration, is investigated numerically. Plasma “detachment” is shown at Mach numbers ranging
from 3 to 4. It is also shown how flow shear heats the plasma by viscous dissipation. Profiles relaxed
with respect to plasma transport are shown.2@3 American Institute of Physics.
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I. INTRODUCTION mentum losses were classical, an optimistic assumptiom
other drawback is that the plasma beta is limited by the re-
Centrifugal confinement is based on the idea that cenguirement on the sonic and Alfae Mach numbers
trifugal forces from supersonic plasma rotation can be usedsupersonic and subAlfwic). The electric field in the system
in conjunction with magnetic confinement, to effect confine-has a threefold role: it ionizes and forms the plasma, it ro-
ment of plasmas along the magnetic fitfkdConfigurations tates and thereby contains the plasma, and it heats the
that could be used for thermonuclear fusion plasmas can hglasma.
found. The simplest cabés schematically described by Fig. In this paper, we present a two-dimensioaD) nu-
1. A toroidal coil carries a current that produces a poloidalmerical study of the system depicted in Fig. 1. The numerical
axisymmetric dipolar magnetic field. The coil is supportedcode is capable of simulating both MHD equilibrium as well
by a brace extending from the inner wall. An insulator elec-as simple transportSince it is 2D, it is not set up to do a
trically isolates the brace from the vacuum vessel. Leadstability study; however, some of this latter work has been
from the central core maintain the coil current. In addition,reported elsewhere and is ongofh@ur objective in this
the coil is maintained at high voltage with respect to thepaper is to demonstrate numerically that one can achieve
vessel. The coil-vessel system is thus a capacitor. A plasneentrifugal confinement—in the sense of detaching the
placed in the vessel spins toroidally from the resultlig plasma from the insulator and supports—and that the viscous
X B drift. If this rotational speed is high enough, the radially dissipation can heat the plasma resulting in reasonable steady
outward centrifugal force will keep the plasma on the out-state plasma profiles.
board side of the magnetic field surfaces, thus isolating the The numerical code solves the magnetohydrodynamic
high pressure plasma from the coil-support/insulator assentMHD) equations including transport from heat conduction,
bly. This is the essence of centrifugal confinement as applietesistive diffusion, and viscosity. In addition to the above
to fusion devices. objectives, we have also been able to study penetration of the
The centrifugal force constitutes an additional “knob” electric field during the formation of the confined plasma,
and is used to optimize magnetized plasma configurations. And to test the 2D stability of the scheme. Our ancillary
configuration such as the one in Fig. 1 results in four advanobjective was to develop the capability of numerically simu-
tages over tokamak-type deviceShe system is steady state, lating supersonically rotating plasma in the presence of insu-
since all currents are externally driven. The system is free ofating surfaces and biased electrodes.
disruptions, since there are no appreciable parallel currents In the next section we describe the equations, the nu-
and, consequently, no kink-type instabilities. There is a largénerical algorithm, and the boundary conditions used in the
velocity shear in the system which has the potential of stasSimulation. In Sec. Il we describe the early-time formation
bilizing both micro- and macroinstabiliti€sMicrostabiliza- ~ Of the plasma. In Sec. IV we analyze the steady state solu-
tion results in superior crossfield transport. Macrostabilization. In Sec. V we discuss a zero-dimensional model for
tion, in particular, stabilization of the interchange, flute momentum and heat balance. In Sec. VI, we present some
mode, can lead to the very simple coil configuration such agarameter scans. We conclude in Sec. VII.
in Fig. 1, the fourth advantage. A drawback of this system is
that power is required to maintain the plasma rotation againsﬁ
viscous losses. On the other hand, we have shown’
elsewher* that viscous heating could be sufficient to heat ~ We solve the time-dependent MHD and transport equa-
the plasma to fusion temperatures; therefore, no auxiliaryions in the R,z) plane of an R,z, ¢) cylindrical coordinate
heating power might be necessdthese conclusions were system. Azimuthal symmetry is assumed. The governing
arrived at in Refs. 2 and 4 assuming that the heat and maeequations for the density, poloidal flowu, = (u, ,u,), tor-
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FIG. 1. Schematic of a one-coil magnetic configuration
for a centrifugally confined plasma.
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These are the one-fluid MHD Braginskéquations with sev-
eral simplifications as follows. The ion and electron tempera-
tures are assumed equal. The simplest forms are used for the
viscosity, u, for ug andu,. The form for the viscous force
for u, is calculated from Braginskii and ensures that the
viscous force is zero if there is no gradient in the toroidal
angular frequency of rotatiof)=u,/R. Simple isotropic
resistivity, #, is used—note that it tends to relax the toroidal
currentJ , and tends to relax any toroidal field to its vacuum
variation B ,~1/R. The thermal diffusivity has an isotropic
piece, proportional tey, , and an added parallel thermal con-
duction, proportional tey, . Here,V,=(B/B)-V. The termH

is the viscous heating term, calculated from Braginskii with
the simplification that only terms proportional to toroidal
flow are kept—note that viscous heating is proportional to
gradients in the toroidal angular frequen@y We have also
assumed that the resistive, Ohmic heating is small compared
to the viscous heating; for centrifugally confined plasmas,
this can be shown to be the case if classical transport coef-
ficients are assumed. In the Appendix, we present a brief
calculation that shows that resistive heating is small. For the
purposes of this paper, we kept the dissipative coefficignts

X, and u constant for the numerical simulation.

We apply the equations to the simulation box shown in
Fig. 2. Figure 2 is anR,z) cross section of the vacuum
chamber. The lines in Fig. 2 are contoursyotorresponding
to the poloidal magnetic field lines. This field is produced by
toroidal current in the coil placed in the middle of the box.
Enveloping the coil and its support/feeds is a box as shown
in the figure. The simulation volume for our system is be-
tween the inner and outer box. Appropriate boundary condi-
tions are applied at these boundaries.

The boundary conditions are set up to mimic the outer
wall as a good conductor. The inner box, however, is an insu-
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is normalized to a reference density. If the ion mass of
the plasma species M, thenspeedsare normalized to the
reference Alfve speedVo=B,/(47n,M)*¥2 Energy den-
sity is normalized to the magnetic energy density;timeis
normalized to the reference Alfagtime L/Vq.

Our model also includes transport coefficients, albeit in
very simple constant forms. In particular, we use an isotropic
viscous diffusivityu, an isotropic resistive diffusivity;, and
an anisotropic heat diffusivityy, andy , diffusivity parallel
and perpendicular to the field lines. In each case, these are
normalized to the reference diffusivity constructed fram
andV,g, given byLV,q. In addition to these constant dis-
sipative coefficients in the plasma, we also included en-
hanced friction on the plasma flow very near the plasma—
wall boundaries. This was done primarily for numerical
stability reasons, but it is also realistic as, near the walls,
plasmas are generally affected by strong ion-neutral charge-

FIG. 2. The vacuum magnetic flux contours. exchange friction.
In what follows, we describe the formation and steady

state properties for a reference case. We then report the re-
lator from R=1.0 toR=1.4, shown in the figure by dotted sults of a parameter scan about this reference case.
lines; the remaining box is a conductor, shown as a bold
solid line. Given these,_ th(_a boundary co_nd|_t|ons are set a3 EORMATION
follows: The normal derivative of the density is set to zero at
all the walls. The temperature is fixed at all the wallsto alow  The simulation box, corresponding to the vacuum vessel,
value(see below. The flux function,y, is “frozen-in” wher-  is of size 1X1 length units. The left-hand side of the vessel
ever there is a conducting wall—we accomplish this bywas placed at a radius of 1.0 units from the central axis. A
matching to the vacuum solution as a boundary condition. Atoroidal current carrying ring is placed at a radius Rf
the insulating wall, however, we allow to “float” by sim- =1.45 units from the axis. This ring creates a vacuum mag-
ply extrapolating from the simulation volume. Both compo- netic field which is the starting point of the simulation. The
nents ofu, are set to zero at the walls, corresponding tocorresponding flux contours are shown in Fig. 2. The mag-
hard-wall, no-slip boundary conditions. The assumption ofnetic field strength at the=0 midplane initially ranged from
no-slip boundary conditions where field lines intersect conB=2.4 units at the inner electroddiscussed beloio 0.3
ducting walls can be shown to be valid by using the MHD units at the right wall. The dashed line in Fig. 2 shows the
Ohm'’s law, for the perpendicular flows, and no flow into thelocation of an insulator boundary that envelopes current
wall, for the parallel flows. Fou,, no-slip is assumed at all “feeds” to the main coil. There is also a conducting plate,
the walls except at the insulator where we use zero normaderving as an electrode, partially enveloping the main coil.
derivative: the idea is that, at a conducting boundary, potenThis is shown as a solid line in Fig. 2. Note that the vacuum
tial drops cannot be maintained between neighboring fieldressel is electrically insulated from the high voltage feed and
lines, hence there is no electric field there and hence nthe inner electrode. The vacuum vessel is grounded. In the
toroidal flow; at an insulator, however, potential drops can becourse of the “experiment” there is a leakage current from
maintained and there can be an electric field across lineshe inner plate to the vacuum vessel, due to plasma viscosity.
translating to a toroidal flow. The presence of an insulator orfTo maintain the inner plate at high voltage, there will be a
the “open” field line is, of course, a crucial part of centrifu- radial current|lz, along the high voltage feed to the inner
gal confinement schemes. The boundary conditionsBfpr  electrode. For our simulation, this current translates to a
are also special. At the conducting surfaces, the normal ddsoundary condition on the toroidal magnetic field at the in-
rivative is set to zero. At the insulatds,, is set to a nonzero sulator, as discussed above.
number: on the top insulatoB is set to+1g/(27R); on To the above magnetic field system, we added a cold,
the bottom insulatoB,, is set to—Ig/(27R). The reason static plasma with an initially uniform density of 1 density
for the jump inB, is that there is a thin, constant radial unit and a temperature of 0.0003 energy units. Thus, the
current, Iz, into the electrode that keeps the electrodeinitial B=2nT/B? of the plasma evaluated foB=1 is
charged up against “leakage” currents from the plasma. Thi®.06%. The walls were held at the temperature 0.0003
current produces a jump iRB, across the insulatokWe  throughout the simulation.
discuss this in more detail latgr. Given this initial condition, a constant currelngis now

In this paper, we report our results using units normal-made to flow into the electrode. In the numerical algorithm,
ized to reference values as follow®) lengthsare normal-  this corresponds to a boundary condition By. Specifi-
ized to the box sizé&. Thus, in normalized units, the dimen- cally, since 2rR times the jump irB, must be proportional
sions of our box are X1 units; (b) magnetic fieldis to the constant radial current, we applied the boundary con-
normalized to a reference fieR,. Likewise,plasma density dition that at the insulator the jump RB,, across the gap is
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FIG. 3. Penetration of the electric field. The time scale over the five frames is approximately 400 #ifess.

fixed. For the parameters run in our experiméB, ranged toroidal rotation localized near the electrode, then starts to
from 0.001 to 0.0085 units, much smaller than the main magpenetrate. For our simulation model, this penetration comes
netic field. For our reference caseB,=0.005; this corre- about as a result of crossfield viscous diffusion of the toroi-
sponded to a curremk/I, of 0.08, wherd is the currentin  dal flow. The small toroidal component of the magnetic field
the main coil. near the plates also starts to penetrate. The net effect is a
As a result of this current feed, the electrode becomegpenetration of the electric field. We show the time sequence
biased and an initial voltage drop is seen near the electrodef this electric field penetration in Fig. 3.
The associated electric field, which corresponds to plasma For this run, we took the cross-field viscosjiyand the
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FIG. 4. Build-up and saturation of toroidal angular frequency of rotation. A
cut along thez-axis atx=0.54 is shown.

resistivity » to be equal. The resistivity; was taken to be
0.0005 units. These values correspond to a Lundquist num-
ber (RV,o/7n) of about 3000. The observed time scale of the
electric field penetration is consistent with the viscous time ol
scale of abouf(1/2)?/0.0009= 400 time units.

Figure 4 shows the build-up of the toroidal rotation in
the plasma. Initially there is no rotation; however, when the
B, boundary condition at the insulators is applied, the s
plasma beings to rotate. The graph shows cuts, overlaid in
time, of the angular frequency of rotation across the plasméet!G. 5. Plasma pressure slings to the outboard side as rotation builds up.
The cuts are taken vertically across the plasm®&atl.55  Same time scale as Fig.(800 Alfven times.
units. The plasma cannot rotate near the inner electrode nor
where the polodial field cuts the vacuum vessel walls: thesrt:-0 pile up on the outward side. This pile up, however, is

surfaces are conducting, freezing any cutting field lines. Th?nitigated when viscous heating sets in: as the plasma heats

rotation builds to a final steady-state as shown in the figureu near this peak, it expels some density since a given cen-
In the steady state, the peak speed on the midplane is ab ugal force contains pressure as a whole. The effect is to

0.12 velocity units. This corresponds to a peak Aifidach push some of the plasma back around to the inward side of

number of 0.23. This Mach _number is_large enough, ( the vacuum vessel while still maintaining the pressure drop.

~3.3) that the poloidal fleld d!stends a bit, as was observed-l-he final steady-state has three density peaks and two den-
A_S the plasma ro_tat|on builds up, FV\_’O things happen: thesity troughs. These are evident in Fig. 7, especially in the last

centrifugal forces build up, thus localizing the plasma PreStame shown in gray scale. The trough is effectively zero-

sure to the outboard side, and viscous heating sets in, raiSiQ:ﬂansity while the peaks are all of about equal magnitude:
the plasma temperature. The time sequence of the PressWlout 2.5 times the original flat density. Note that the in-

build up is shown in F|.gs..5 and 6. Figure 5 shows ?Ontourverted density peaks are at the outer radii where:0 and
plots of the pressure with timghe last frame is shown in the centrifugal forces are weak

gray scale tq diﬂ‘erentiate. high pressure regions from low The details of the steady state transport equilibrium are

pressure; white denotes high pres$ufggure Ga) shows a described in the next section.

cut in the pressure across the 0 midplane at times corre-

sponding to those in the contour p_Iots. Figufb)Gs a Simi- |\ <TEADY STATE

lar cut made just below the insulating brace shown in Fig. 2.

Initially, the pressure is almost uniform, but this changes  After about 600 time units from the onset of the radial

dramatically with time as the centrifugal forces extract prescurrent feed, the system comes to a steady state. The applied

sure from around the insulator. In the steady state, for the@oltage to the electrode causes a potential drop across the

reference case, the pressure drop from the peak to the insplasma. This drop, initially localized near the electrode, has

lator reached a factor of 40. now spread throughout the plasma on account of viscous
The time sequence of the density is shown in Fig. 7. Thecoupling. There is thus ak field across the plasma and a

density behaved in a manner that was not expected. At firsgorresponding toroidal rotation. This rotation is subject to

centrifugal forces from the spinning plasma cause the densityiscous losses since the boundary conditions at the wall are

1.
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FIG. 6. Time sequence of pressure profile cukin(@) cut at thez-midplane;(b) cut immediately below the insulator.

no-slip. A radial current, from viscousF<B” drifts, tends  viscosity decelerates the plasma while thgy,¥ B poloidal

to neutralize the potential difference between the inner elecforce tends to accelerate the plasma, resulting in steady state
trode and the vacuum vessel. To maintain the voltage, theptation®

radial current is supplied. In steady state, there is charge and The plasma pressure localizes to the outboard side. The
voltage maintanence. Another way to look at this is that theequation describing this localization is given in Refs. 1 and 2

0.5

0.5
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FIG. 7. Density contours corresponding to Fig. 5.
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B-Vp=-nMu-Vu. (11

In the isothermal limit, this equation yields the solution
P(R,¢)=po()exd MR*Q?/4T], (12

wherepg(¥) is the pressure loading per flux surface, deter-
mined by crossfield transport. Note that the pressure drop is
exponential and scales as as [@p4].

In Fig. 8, we show contour plots of various quantities of
interest in steady state. Figuréa8 shows an angular fre-
quency of the rotation in steady state. The rotation frequency
is almost constant along flux surfaces, as expected from the
theory: each flux surface rotates as a rigid rotor. Note, as
discussed earlier, that field lines that terminate in conducting
walls are line-tied and, thus, sin€e=Q (), the plasma on
that entire surface should not rotate. This effect is produced
faithfully by the code—the plasma is not seen to rotate out-
side the “last good flux surfac€LGFS).” An overlay of
Figs. 8a) and 2 confirms this. This phenomenon is also fairly
well demonstrated for the field lines intersecting the
brace—a blow-up of the contours close to the brace shows
that frozen-in and line-tying seem to be working as expected,
within the limits of the resolution of the code.

Figure 8b) shows contours of pressure. Note that pres-
sure is highly localized to the outboard side, consistent with
Eq. (12.

Figure &c) shows contours of temperature. The tempera-
ture is at its highest near the outer wall because this is where
the shear in the plasma rotation is the largest and viscous
heating is maximum at maximum velocity shear. On the in-
board side, towards the brace, there is also a local peak in the
viscous heating rate since the velocity shear gets large here
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(b)

0 0.5 1

FIG. 8. Steady state contourg) Angular frequency relaxes to a flux function. Each magnetic surface thus rotates rigidyyessure is highly localized to
the outboard sidgc) Temperature contours: the profile is somewhat hollow since viscous heating maximises where the rotation shear (d)largesity
is localized to the outboard side; however, temperature profile effects also result in inboard density peaks.

too. Thus, we might expect the temperature profile to exhibit 5 —

two peaks, at least in the transient phase, and a flat profile at RSt NNNNNNNIR
the center in the steady state. We have indeed observed a ooz

subdominant inward peak in the temperature in the transient

phase, in some cases. However, this peak is always overpow-

ered by the outer peak. There could be three reasons for this:

geometric effects, more effective thermal conduction to the

brace because of closer proximity to it, relatively low nu- ~ O
merical resolution closer to the brace. We have not differen-

tiated these further. We note also that the temperature con-

tours tend towards matching the flux contours. This is due to

the relatively large parallel thermal conductivity. For this

case, we useg, /x, =11.

B

In Fig. 8d) we show density contours. As noted, the STl
steady-state density is characterized by two troughs and three —50 ! ]
peaks. 1. 1.5 2.

In the steady state, the system exhibits a low level con- R

vection in the R,z) plane. |_n Fig._9,_ we show flow vectors g o Transport steady state is accompanied by low speed convection
of the steady state convection. It is important to note that theells.
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size of this flow is substantially smaller than the toroidalUsing a large aspect ratio expansion and a zero-dimensional
flow—for the case shown, the peak convective flow spee@dpproximation, we may simplify this equation as we did the
compared to the peak toroidal rotation speed was a factor ghomentum equation above. The resulting 0D momentum
1/875. The cell speeds scale as the inverse of the Reynoldsd heat balance equations can then be written
numbers. These convection cells are the ubiquitous cells that NMW2/ 7 =P (16)
one always observes in nonuniformly heated stratified " “mom— T in>
equilibria® The cells speeds are proportional to the resitivity. (3/2NT[1/7, + L7 ]=Pj,, (17
In this paper, we have assumed constant resistivity—this . .
would have to be refined to include the temperature depeﬁ’-\’here we n_1u|t|pI|ed_the momentum balance equa(;@_rby
dence of the resitivity if a quantitatively accurate flow pat-% and defined the_mput powdti,=lgrBauy . The various
tern is desired. time scales are defined as

Tmom= L%, 7. =L%x,, Tn:LZ/XH- (18

V. MOMENTUM AND HEAT BALANCE From (17) and (18), one may deduce an expression for the
_ ) Mach numberMg by dividing the two equations into each
In steady state, there is a balance between viscous M@iher. We find

mentum losses and the exterdalX B forces. An equation
expressing this is obtained by integrating E4) over the MZZET ”{i+ i
volume wherein the plasma rotates. This volume is bounded s 2™ g
by those outermost flux surfaces that are free to ratsde

Fig. 1: field lines that terminate on conducting surface

should be Iine-_tied and not rotatand b}’ the insulator that which is desirable for centrifugal confinemeipiarallel heat
envelops the high voltage fed¢dashed ling (Hereafter, we  |,5q05 add to the net heat loss while parallel momentum

will denote the outermost rotating flux surfaces as LGFSiosses are smallerFor the purposes of this code, we have
“last good flux surfaces.] When Eq.(4) is integrated over assumed collisional conditionhort mean free pathgo

this voyluk:ne, each terrr]n converts to "’; surface inte@3 o4 thys the Braginskii expressions for thermal conduction,
Gauss' theoremover the bounding surfaces just described.qi. “4re ysed. Fusion plasmas are collisionless; thus, colli-

In that case, thelS-u term vanishes over all the bounding gjoness transport must be used in more realistic mddels.
surfaces, and the terdS:B vanishes on the LGF&y defi-

nition) but is nonzero on the insulator. For the viscous term
sinceQ)=Q (), dS-VQ vanishes at the insulator but is non-

3
Xoox

2 M ML

In classical collisional theoryy, and u, are of the same
Sorder. Thus, the Mach number is always greater than unity,

. (19

VI. PARAMETER SCANS

zero over the LGFS. The resulting equation is Starting from the baseline case reported above, we now
changed parameters to assess the change in the equilibrium
f ds: (VQ)nM,uRzzf dS-BRB,. (13 conditions as a function of various inputs.
LGFS insulator From (16) and (17), we note that there is only one key

The term on the right-hand side represents the discontinuitipput parameter, namely, the input powgy or, equivalently,

in B, at the radial current feed, as discussed earlier. In patthe radial currentiz supplied to the electrode. Ak in-

ticular, we have the relationshipmR[B,]=1g. Using the creases, we expect the rotation speed to increase. Figure

latter, and evaluating the integrals for large aspect ratio a$0(@ shows that as the current is increased, the angular fre-

well as in a “zero-dimensional” approximation, we have a quency of plasma rotation also increases; on the abscissa, we

0D momentum balance equation, plot the peak Alfve Mach number; on the ordinate, we plot

o Ir/lg, the radial current normalized to the current in the coil.
NM(u/a%ug=1grBL, (14) As the rotation increases, the viscous heating increases, thus

whereN=nxX (Volume). We have used to estimate length raising the temperature. This is shown in Fig(dQwhere

scales of the various profiles and set all form factors to unitywe plot the maximum temperature normalized to the wall

The right-hand side represents the extejnaB force on the temperature. Since both rotation speed and temperature go

plasma, the left-hand side the resisting viscous forces. up with applied force, the Mach number must not go up as
In a like manner, a 0D equation for heat energy balancédast as the rotation. This is shown in Fig.(&0 Finally, in

can be obtained from a volume average of &f). In doing  Fig. 10d), we show the maximum pressure drop as a func-

so, the terms proportional to the flawwvanish on the LGFS. tion of the radial current.

The x, term is nonzero only on the insulator, i.e., there are

electron heat losses at the insulator by parallel conductiogy|], SUMMARY

along the field. They, term represents cross-field losses.

The resulting equation is A 2D simulation has been run to investigate some key

features of centrifugal confinement of magnetized plasmas
for fusion. In this paper, we have studied the simplest pos-
sible such system: a single coil system. In a single coil sys-
tem, a current-carrying ring creates a dipolar-type field. The
:J d7M uR2(dQ/dr)2. (15) ring is electrostgtically biase_d with rgspect to the vacuum

volume vessel, thus setting up a radial electric field and causing the

J’ dsS-(V(3/12)T)x,+ JLGFSdS- (V(3/12)T)x.

insulator
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FIG. 10. Variation of various plasma parameters with increasing externally applied cligreihg, is the current in the toroidal coil. Shown a@ the peak
Alfvén Mach number(b) the peak temperature normalized to the wall temperatayepeak sonic Mach numbefd) ratio of the maximum to minimum
pressures.

plasma to rotate toroidally. The resulting outward centrifugalcan be made to rise simply from viscous heating alone. Our
forces sling the plasma towards the outer midpldirethis  code has both resistivity and viscosity; thus, the plasma equi-
sense, the system is not unlike the lo plasma torus of Jupitelibrium we achieve is relaxed also with respect to transport.

wherein the plasma is held in a torus due to centrifugain our simulations, the Reynolds numbers are in the vicinity

forces owing to the rotation of Jupite}). Since the plasma is  of 3000. We have shown that viscous heating indeed heats
now pulled away from the inner midplane, the toroidal cur-ie plasma and that we achieved a maximum plaghed

rent ring can be physically supported. Elsewhere, we havgqer 396, The maximum temperature ratio we achieve,

reported on similar 2D simulations done for a two-current- /- is about 8. Elsewhere. we have shown that this
ring, magnetic mirror-like configuratioh. Sg‘ea; arvivg”;:an scale to a fusion realbr
The central feature of centrifugal confinement—the . . C
9 There were some interesting unanticipated aspects that

slinging outwards of the plasma, detaching it from the sup- o . .
ports on the inner midplane—has been confirmed by Ouclamerged from this simulation. We found that the density pro-

numerical simulation in this paper. We have achieved e{ile can have peaks in unexpected places. This is a result of
maximum pressure rati@,../Pri, Of about 650. This is not the interplay betwe_en gentrlfugal confinement and heat
a physical limit on the system but a limit on the numerical SOUrces: on nonrotating field lines, pressure tends to a con-
performance of the code: where the density becomes smaftant, but these are near the maximum heat source locations,
the Alfven speed rises putting severe restrictions on the tim@amely, where the rotation shear maximises. We also ob-
step from the Courant—Friedrichs—Levy condition. Work isserved very low-level convection cells. This phenomenon is
in progress to address this limitation. The other central feawell-known, a consequence of the incompatibility between
ture of centrifugally confined plasmas is that the temperatur@eating profiles, transport, and equilibrium force balance.
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APPENDIX: VISCOUS HEATING AND RESISTIVE The expressions fof; and the coefficient of viscosity are
HEATING given by Braginskii. We need the ratio of the two diffusivi-

In this paper, we have assumed that viscous heating {4€S: Assuming thaTezz Ti, th?/zl’atIOn//.L can be found to be
the dominant heating source for the plasma particles. In paf the order €s/Va)“(M/m)~ wherem is the electron
ticular, we ignore resistive heating. We show in this Appen-mass. Inserting this into E¢AS) above, we find the ratio of
dix that it is reasonable to assume that resistive heating id'€ resistive to the viscous heating rates to be
smaller than viscous heating, at least if we use Braginskii Mg:(R/a)Z(M/m)m. (AB)
transport coefficients.

The volumetric resistive heating rate is given gy?,
where 7 is the Spitzer resistivity. The current is largely per-
pendicular to the magnetic field and can be obtained from th
force balance equation,

For our purposes, the left-hand side is of order 25. The right-
hand side is of order 6&/a)? for a D—T plasma. Thus,
yiscous heating is likely to dominate. In the simulation here,
we have lety=pu. Our Alfven Mach number in the simula-
tion is not too large. These conditions effectively make the

nMu-Vu=—-Vp+jxXB+V-(nMuVu). (Al)  viscous rate dominant for the simulation also.
Solving forji , we find ACKNOWLEDGMENT
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