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Comparision of neoclassical rotation theory with experiment
under a variety of conditions in DIII-D
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A neoclassical theory of gyroviscous radial momentum transport and poloidal and toroidal rotation
has been compared with experiment in DIIIFDuxon, Anderson, Battet al,, Plasma Physics and
Controlled Nuclear Fusion Research 198&\EA, Vienna, 1987, Vol. 1, p. 159 discharges in
different confinement regimes, with a range of neutral beam powers and with co- and
counter-injection, and with various types of dominant impurity species present. Calculated central
toroidal rotation velocities and momentum confinement times agreed with experiment over a wide
range of these conditions, with one notable exception in which a drift correction may be needed to
reduce the gyroviscous toroidal force. Radial distributions of toroidal and poloidal rotation
velocities and radial electric field, calculated using the radial distribution of toroidal angular
momentum input density, agreed with measured distributions for the one time in an L-mode
discharge that was examined in detail. ZD02 American Institute of Physics.
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I. INTRODUCTION electric field radial distributions with measured values in a
] DIlI-D L-mode shot. These results are summarized in Sec. V,
A self-contained set of coupled models for the calcula-

) - ' g - where conclusions are presented.
tion of plasma toroidal and poloidal rotation velocities, po-
I0|daI. density gsymmetrles, the radial electric f|e!d, and N0y, ~VROVISCOSITY
classical particle and momentum transport in tokamak
plasmas has recently been assembledor to implementing Radial momentum transport in tokamaks is widely re-
this set of models in a transport code, which would allow thegarded as being anomalous. However, it was sHosame
self-consistent calculation of plasma density, temperaturéme ago that Braginskii's gyroviscous thebrywhen ex-
and rotation profiles, we have used experimental densityended to toroidal geomefhcould predict the momentum
temperature, and normalized toroidal rotation profiles to caleonfinement times in a number of shots in seven different
culate certain other rotation parameters that depend both dokamaks spanning a wide range of physics and machine
these profiles and on the theoretical model. parameters. More recently, it was shéwthat this same
We recently found agreement between the predicted antheory, when extended to include also the calculation of tor-
measured central rotation velocities and momentum confinesidal rotation and a convective contribution to the momen-
ment times in a series of three L-modlew confinement tum confinement timé,agreed with the measured momen-
mode shots with different neon concentrations and in onetum confinement times and central rotation velocities in one
H-mode (high confinement modeshot in DIII-D.2 The first co-injected H-modé¢high) DIII-D discharge with a large car-
purpose of this paper was to extend this type of theorybon impurity content and in three co-injected L-mdgtsw)
experiment comparison of central rotation velocities and moDIlI-D discharges with varying amounts of injected neon.
mentum confinement times for DIII-D shots in other confine-  Braginskif [and otherge.g., Refs. 6 and)T derived the
ment regimes[quiescent H-modgQH), quiescent double viscous stress tensor for charged patrticles in a magnetic field
barrier (QDB), internal transport barrigiiTB)], with high-Z  using the general rate-of-strain tensor of fluid theory. He
(nickel and coppegrand low-Z(carbon dominant impurities, found three structurally different components of the viscous
and with co- and counter-injected neutral beams. stress tensor associated with “parallel,” “perpendicular,”
The comparison described in the previous paragrapland “gyro” viscosity. Stacey and Signtaand Mikhailovskii
provides an integral check of the theory against experimengaind Tsypif subsequently extended the Braginskii gyrovis-
i.e., a comparison of momentum confinement times and ofous stress tensor to toroidal geometry, and the latter authors
the magnitude of a fixed velocity profile. A more comprehen-introduced a drift correction.
sive comparison of the theory with experiment for the calcu-  In computing the flux surface average of the toroidal
lation of radial profiles of toroidal and poloidal velocities and component of the viscous force, which determines the cross-
the radial electric field is the second purpose of this paper.field transport of toroidal angular momentum, the “parallel”
After briefly describing the gyroviscous theory of mo- component vanishes identically and the “perpendicular”
mentum transport in Sec. I, we compare in Sec. Il predicteccomponent has a coefficient which is about four orders of
central rotation velocities and momentum confinement timesnagnitude(1/(27) smaller than the gyroviscous coefficient,
with experimental values. In Sec. IV, we compare the prewhere() is the gyrofrequency andis the collision time (It
dicted toroidal and poloidal rotation velocities and radialis the smallness of this “perpendicular” viscosity coefficient

1070-664X/2002/9(5)/1622/7/$19.00 1622 © 2002 American Institute of Physics



Phys. Plasmas, Vol. 9, No. 5, May 2002 Comparision of neoclassical rotation theory . . . 1623

that has led to the belief that viscosity is anomalpd$ie  (11) of Ref. 1] to obtain the poloidal velocities and the sin
gyroviscous component of the toroidal viscous force in tor-and cos components of the density, then used the poloidal

oidal geometry i$ component of the electron momentum balance equation to
1 9 &(V(,,R’l) relate the poloidal components of the electrostatic potential
(RPV -V -1y = R3h,mpy———" : : . . i
34 Rh F7| p74 il to the poloidal components of the ion and impurity densities.
1 nmTV, 3 IIIl. COMPARISON OF THEORY AND EXPERIMENT:
5065 3 +0(e&”) CENTRAL ROTATION VELOCITIES AND
MOMENTUM CONFINEMENT TIMES
=RomnV,vq, @ We compared predicted and measured momentum con-
where finement times and central toroidal rotation speeds in a num-
ber of different types of DIII-D discharges.
r . . . . . _
G=— (7;4V¢)—r(L 1+LT1+LV1) ) Since the calculated toroidal rotation velocities for dif

74 V oar ferent ion species are usually about the same and only the
impurity rotation velocity can be measured, an approximate
calculation of the toroidal rotation velocity can be made from

an overall angular momentum balance on the plasma,

and whereh, anddl, are the metric and length elements in
the x-direction (i.e., dl,=h,dx), n,=nmT/eB is the gyro-
viscosity coefficientL, 1= —(dx/dr)/x is the inverse ra-

dial gradient scale length, the subscrigtandp refer to the 2m,

“radial” and “poloidal” directions, and the other symbols I'y=1/ E PpRian

are common usagdr=major radius,V ,=toroidal velocity, _

n=density, T=temperature, n=mass, B=magnetic field, (Zq-rR)fg< R, mjv¢j>27rrdr

e=unit charge,r =radial variabl¢. Flux surface geometry = S

has been replaced by toroidal geometry, a Fourier expansion _ ¢

of the poloidal dependencies of the fomfr,#) =x°(r)(1 B Vyo(27R) P o(Rym; ) 2rrdr

+X¢ cosf+x°sin ) has been made, and a poloidal asymme- = i) s 4

try factor has been defined ¢
ne VS n wherel' ; is the beam(subscripth) torque input,Ry,, is the

0= 4+( - (?>+ ( ) (;) average tangency radius of the beamlines,éjﬁiﬂ; the “the-
oretical” momentum confinement time defined below from
n® By Vg|| [ ®P° n 0N the gyroviscous theory.
=4+l 5 { (B V¢) (_) +(_) + ?)} In the last form of Eq(4), we have written the toroidal

rotation velocity as the product of a central value and a radial

CE) N (n_") (I)c” @ profile function,V (1) =V of,,(r). We use this second form
e € ’ and the theoretical momentum confinement time of(Bto
calculate the theoretical value f,,. We do not presently
where @ indicates the electrostatic potential aBg is the  have the capability to calculate the normalized velocity pro-
poloidal magnetic field. For simplicity, the species subscripffile function f,(r), so we usef,(r) [and nj(r)=ngf.(r)]
has been suppressed in E(§—(3). The second form of Eq. from experiment. Using the known input beam torque and
(3) results from using the radial component of the momen-+he theoretical angular momentum confinement time, a value
tum balance equation to express the toroidal velocity inof VE:;O then can be calculated for comparison with experi-
terms of other variables. Equatidid) defines the angular ment.
momentum radial transport, or “drag,” frequeny . The theoretical angular momentum confinement time is

We solved numerically the moments, sing, cosd) of  defined as the total angular momentum content of the plasma
the poloidal momentum balance equations for a 2-speciegdivided by the integrated radial angular momentum transport
(ion-impurity) model [Egs. (15)—(17) of Ref. 8, Egs.(9)—  rate by gyroviscosity plus convection,

S\ [(By Vo
By Vy

2+
€

(ZwR)E'O”Sfo(RnJmJV¢J>27-rrdr
= 2R [H(R?V - V- mag2arrdr + [§(RV - (njm;V 4V ;&) 2rrdr]’

(5

Note that density and toroidal velocity radial distributionstions(f,, andf,) are needed from experiment. However, both
appear both in the numerator and denominator of &Y. Ty and f+(r) must be taken from experimeftr otherwise
Thus, writingV ,(r) =V 4f,(r) andn(r)=nof.(r), then,  calculated.

andV 4, cancel out, and only the normalized profile func- In summary, the normalized profile functiofs,, ft,
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TABLE |. Comparison of predicted and measured toroidal rotation speeds and momentum confinement times in DIII-D.

Shot Mode, NBI, P n Tio/Teo Voot ™ o Vi Ve
time impurity MW 10 m3 keV Vinp ms ms 10° m/s 10° m/s
98777 L, Co 45 3.42 3.5/2.5 0.31 80 73 1.52 1.50
16s Carbon

98775 L, Co " 4.05 6.3/3.3 0.37 147 152 2.90 3.06
16s Neon

99411 H, Co 9.2 4.80 8.3/3.9 0.32 93 84 2.90 2.64
18s Carbon

106919 QH, Ctr 9.32 2.58 10.9/3.9 0.40 44 45 3.86 3.98
20s Ni—Cu,

106919 d " 2.83 14.2/4.2 0.38 64 68 4.21 4.48
35s

106956 QDB Ctr 11.77 3.75 15.1/4.4 0.24 44 46 2.41 2.51
31s CuNi,

102942 H, Co 4.89 2.36 1.8/2.5 0.40 55 51 2.20 2.02
0.85s Carbon

102942 ITB, Co 7.08 2.67 4.8/4.2 0.35 52 72 2.94 4.01
1.25s carbon

f,) and the amplitudeT, were taken from experiment to szzionngmnjmjvqu)zﬂdr

evaluate the theoretical momentum confinement time of Eq. 74 = : r, : (6)

(5), and the profile functionéf,,, f,) and amplitudeny were

then also taken from experiment to solve E4) for Vt(;,‘o.

Even though the experimental value of the normalized pro-

file factor f, is used, this procedure provides a discriminat-We use experimental values far)=nof,(r) and forV,

ing test of the theoretical model forz,, because if we were =V ,of (r) to evaluate Eq(6).

to use a different model fotry, and carry through the same To facilitate the numerical evaluation of the integrals
calculation we would get a different answer 8}, and7j.  appearing in the above expressions, we make a few approxi-
For example, if we carry through exactly the same calculamations. The term in square brackets in Ep.is evaluated
tion using the experimental profifg, but using the neoclas- by calculating both the poloidal asymmetry factor of Eg).

sical perpendicular viscosity, which differs from the first and the radial convective flux at the half radiys<(3). The
form of Eq. (1) by the replacement of, with 7,=7,/Q7  radial profile functions, , + were fit numerically to the ex-
and the replacement of the poloidglderivative with a ra-  perimental data using a profile form of a parabola raised to a
dial 1, derivative> we obtain a value forr) that is two  power sitting on a pedestal. The pedestal values were taken
orders of magnitude larger than shown in Table | for thedirectly from experiment, and the powers were determined

calculated and measured confinement times. numerically. We employed the same numerical approxima-
We calculated the radial momentum flux from an ex-tions to evaluate the integrals in EqS) and (6).
tended neoclassical transport théoiy which the particle The central rotation speed was measured dirgctyat

flux appearing in Eq(5), I';;=n;V,;, consists of(1) the least it could be constructed by extrapolating measured data
Pfirsch—Schiter flux of Hinton—Hazeltin€; (2) the banana- inward). The “experimental” momentum confinement time
plateau flux of Stacegt al!® supplemented by the thermal was constructed by using the measured rotation profiles to
friction contribution of Hinton—Hazelting; (3) the direct evaluate the integral in Eq6), using the same numerical
beam-ion momentum exchange flux of OhkaWa#) the  approximations described in the previous paragraph for the
inertial flux of Burrell-Ohkawa—Wong: and (5) the radial  evaluation of the integrals in the theoretical quantities.

electric field driven flux of Stacegt all® The form of the The results of the theory/experiment comparison are
flows used in evaluating these fluxes included the effects o§hown in Table I; calculated and measured central rotation
parallel and gyroviscous momentum transpdrt. velocities are compared in the last two columns, and calcu-

We note that viscosity and convection can only transporfated and measured momentum confinement times are com-
momentum from the center to the edge of the plasma, whergared in the preceding two columns. These results are dis-
other processede.g., charge exchange, magnetic fieldcussed below.
ripples transfer it from the edge of the plasma to the wall or
magnets. We assume that the time required for transfer cﬁ’ L-mode shots 98777 and 98775  (Refs. 13 and 14)
angular momentum from the center to the edge of the plasma Two co-injected L-mode shots which were operated
dominates the overall angular momentum removal rateidentically in every respect except for the injection of neon
Thus, we compare E5) for the theoretical momentum con- were previously analyzédbut are included here for com-
finement time with a definition of the “experimental” con- pleteness. There was agreement between predicted and mea-
finement time as the ratio of total angular momentum contensured values of momentum confinement times and central
of the plasma to the total input torque, rotation speeds, and of the difference in these quantities due
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to the neon injection. Although the convective contributioninside of p=0.25 later in the shot following an increase in
to the calculated momentum confinement time was neglibeam power, indicating the formation of an internal transport
gible in the no-neon shot, the increase in the theoretical corbarrier.
finement time with the injection of 2.8% neon concentration =~ We compared the predicted and measured rotation
was due entirely to an increase in the predicted inward conspeeds befor6850 mg and after(1250 m$ the formation of
vective momentum flux. In these shots @t 3, the calcu- the internal transport barrig¢fTB). The agreement was good
lated in—out(cosine componepaind up—dowr{sine compo- before the formation of the internal transport barrier, but
neny density asymmetries were O(10 %¢) and rather poor after the formation of the ITB. The toroidal vis-
O(10 *-10"3%) for deuterium and O(10 'e) and cous force of Eq(1) overpredicted radial transport of toroi-
O(10 2¢) for carbon. dal moment after formation of the ITB, as reflected in a
significant under-prediction of the momentum confinement
time and the central rotation spe¥d.
The predicted cosine and sine components of the density
A high performancelfigo=3.0) co-injected H-mode shot asymmetry atp=3 at 850 ms wereO(10 %) and
with a relatively high(5%) carbon impurity content was also O(10 3¢) for deuterium andd(10 &) and O(10 %) for
previously analyzed and is included for completeness. carbon. The calculated convective contribution to the mo-
Again, there was agreement between predicted and experirentum confinement time was about 10%.
mental central rotation speeds and momentum confinement = . ] ) )
times. The calculated deuterium cosine and sine components Mikhailovskii=Tsypin drift correction

were O(10 %¢) and O(10 3¢), and the calculated carbon We believe that this disagreement after ITB formation

cosine and sine components w@¢10 'e) andO(10 %¢).  may be explained by the Mikhailovskii—Tsypin drift

The calculated inward convective contribution to the mo-correctiod to the Braginskii gyroviscous stress tensor, on

mentum confinement time was about 15%. which Eq.(1) is based. Claassast al'® have shown that this
correction is negligible whed=(pg;/Lp)/(V4i/Vini) <1,

C. Quiescent mode shots 106919 and 106956  (Ref. wh_lch is the usual situation in the interior of a_stro_ngly ro-

16) tating tokamak plasma. However, t_he combination of a
strongly peaked ion temperature profile and the steep gradi-

Two counter-injected QH-modéquiescent high shots  ent in the density at the internal transport barrier just inside
with relatively low plasma densities and large nickel andof p=0.25 makes this parameter take on a maximum value
copper concentrations were analyzed. The predicted momenf ¢~ 1.5 at that location at 1250 ms. Thus, the gyroviscous
tum confinement times and central rotation speeds were itbroidal force of Eq.(1) would be expected to be reduced
agreement with experiment. inside of p=0.25 by the Mikhailovskii—Tsypin drift correc-

In the QH-mode shot 106919, the impurity concentrationtion. Claasseret al® estimated an order of magnitude re-
built up continuously over the discharg&.s at p=3 in-  duction whené~0O(1), but wewould expect somewhat less
creased from 4.10 at 2010 ms to 5.43 at 3510, mwsnsistent  of a reduction becausgis only O(1) over a small part of the
with an increasing inward convective momentum flux whichplasma. We found that it was necessary to reduce the toroidal
contributed about 10% to the predicted momentum confineviscous force of Eq(1) by a factor of 4 to obtain agreement
ment time at 2010 ms, but which contributed about 35% atvith experiment at 1250 ms. By comparison, the maximum
3510 ms. The predicted cosine and sine componenis at value of the parametef~3 just inside ofp=0.25 in this
=3 at 3510 ms wereD(10 %¢) and O(10 “¢) for deute-  shot at 850 ms, before the formation of the internal transport
rium plus carbon “main ion” species, and we@(10 1g) barrier.
andO(10 2¢) for the nickel plus copper “impurity” species In the other shots considered in this paper, which had
in the 2-species model calculation. either relatively flat density profiles or only moderately

In the QDB-mode shot 106956, an increase in beanpeaked ion temperature profiles, or both, the maximum value
power during the discharge produced a sharp gradient in thef the parameter wag<1 throughout the core plasma and
density (but not the temperatureprofile inside of p=3,  the average value was<1. Of course£ became large in the
which is indicative of an internal transport barrier. The cal-plasma edge, where the rotation speed was small and the ion
culated poloidal asymmetries in density were similar to thosgyressure gradient scale length became smaller than in the
given in the previous paragraph, and the convective contricenter. However, other momentum transfer proce$ses,
bution to the momentum confinement time was about 5%. charge exchange, magnetic field ripplgominated in the

edge plasma in any case, and it was the time required to
D. H-mode shot 102942 with internal transport barrier tr:’:_msport momentum from the cen_ter o the_ edge that deter-
(Ref. 17) mined the overall momentum confinement time.

B. H-mode shot 99411 (Ref. 15)

In co-injected H-mode shot 102942, the measured temlY. COMPARISON OF THEORY AND EXPERIMENT:
perature and toroidal velocity profiles were more sharplyRADIAL PROFILES OF TOROIDAL AND
peaked, throughout the discharge, than in the other shots eXOLOIDAL VELOCITY AND RADIAL ELECTRIC FIELD
amined. The density profile was flat early in the shot, but A more direct comparison of theory and experiment was
sharp density and electron temperature gradients develop@ahieved by calculating the radial distribution of rotation ve-
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locities and radial electric field. An expression for the flux aged parallel components of the momentum balance equation
surface averaged impurity toroidal rotation velocity on aand the form of the poloidal velocity ,=KB,/n that re-
given flux surface (normalized radial locationp) was  sulted from solving the particle balance equation to obtain an
derived® by using the perpendicular and flux surface aver-expression for the impuritylj rotation velocity,

[V + (14 &My 1= [ (1+ &P+ P T+ Ly (14 &) + ]

Eﬁ)
_—

and a similar expression for the main ior) ¢otation velocity, where th@'s are normalized parallel viscosity terms, tRé's

are normalized pressure gradient terms,l\‘?ﬁﬁs are normalized parallel momentum density input rates from the béseas
Eq. (19 in Ref. 1], and ;= i;+ B;, whereg; is the normalized gyroviscous “drag” term given by

V= (7)

)
ij

Bj (8)

with v4; given by Eq.(1).
The flux surface averaged radial electric field at a gipdacation was obtained by summing the flux surface averaged
toroidal momentum balances over species. For an ion-impuirity todel this may be writte!’

E: {[[Li+ﬁ|(1+§i)]|\7|¢|+[f/«|+f/~i(1+§|)]|\7|¢i+[,3i+/3|(1+fi)]ﬁlP|'+[ﬂ|+,3i(1+§|)]ﬂipi'}
By ail B+ Bi(L+EN ]+ [ Bi+Bi(1+ )] '

€)

In order to evaluate they terms from Eq.(1), it was  uncertainty in the poloidal velocity is comparable to its
necessary to solve Eq7) and the three(l, sine, cosine  magnitude’?
moments of the poloidal momentum balance equafiftes Any approximation errors in the calculation of poloidal
obtain the® terms of Eq.(3)], and to solve Eq(9) for the  velocities and density asymmetries and experimental errors
radial electric field, all at each radial location. In addition, weenter our model through the produ&G in Eg. (1). The
used the experimental ion temperature and the experimentédctor ® is calculated for analytic toroidal geometry with
profiles of density, ion temperature and toroidal velo¢tty  circular cross sections, using a low order Fourier expansion.
calculateL,,, L1, Ly,) to evaluate thevy terms from Eq.  The factorG depends on the ion pressure and toroidal veloc-
(2). ity gradient scale lengths, which we construct by differenti-

The beam momentum density input rate was calculateéting the corresponding experimental profiles. In order to test
using our neutral beam deposition and fast ion slowing dowrihe sensitivity of these results to possible uncertainties in the
code NBEAMS.'® This code has been successfully bench-data and in the numerical procedures, we made a second set
marked against the Monte Carlo neutral beam deposition
codeNFREYA.?°

The predicted values of the toroidal angular velocity and 4 5y40°-
radial electric field are compared with the measured angular

velocity and radial electric fieldwhich is constructed from 1.0x10° m  Experiment
fits to the measured rotation velocity and pressure gradients ] % e 6(L,)

in Figs. 1 and 2 for the co-injected L-mode shot 98777 at g gy4¢¢ % """ 2xe,6l(L,)
1600 ms.[This shot was selected because the convective t

momentum transpofihich we can not yet treat in the cal- @ g gy10°

culation of radial distributionsis small? and this time was E

chosen because the data have been extensively andlyzeo. & 4 gx10*
The curves labele® .,G(L ey indicate that the results were ]
calculated with® and G evaluated as described above. 2 0x10°
These calculations were in rather good agreement with ex-

Q

periment; the maximum error in the calculated rotation ve- 0.0

locity was less than 15%. ————
The predicted poloidal velocitiecalculated with Egs. 0.0 02 0.4 06 038 1.0 1.2

(9)—(12) of Ref. 1] for carbon and deuterium and the “mea- Normalized Radius

sured p0I0|daI Ve|OCIty for carbon are shown in Fig. 3. The FIG. 1. Comparison of the calculated toroidal angular velo€lty with

“measured” poloidal VelOCit_y is actually _ConStru_Cted from & gyperiment for different values of the prod@6 (DIII-D shot 98777 at 1.6
measurement of the velocity along a line-of-sight, and thes).
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. —u— Experiment this shot, using the methods described in the previous sec-
3.0x10% e,06(L,,) tion. In a full transport calculation, the radial particle flux
—~ 1 A7\ T 2x6,,6(L,,) would be calculated and used directly in the calculation of
§ 25«0y M the rotation velocity from the toroidal momentum balance
W 1 equation.
o 2.0x10"
e l
[T
2 15x10°A V. SUMMARY AND CONCLUSIONS
% n A neoclassical rotation theory, based on gyroviscous ra-
— 1.0x10* < : .
s ] dial transport of toroidal angular momentum, was compared
& 3 with experiments in DIII-D. Using experimental values for
5.0x10° . . : .
) the normalized radial profiles of density, temperature, and
00 toroidal rotation velocity and using experimental values for
-_— the central density and ion temperature as input, the calcu-
0.0 0.2 0.4 06 08 1.0 lated momentum confinement times and central rotation ve-
Normalized Radius locities agreed with experiment for a set of shots in different

i : o _ confinement regimes, with co- and counter-injected neutral

FIG. 2. Comparison of the calculated radial electric fiEldwith experi- b d with diff t domi ti it . Th
ment for different values of the produ@G (DIII-D shot 98777 at 1.6)s eams, an. wi .' eren Om'nan. Impurity Species. .e
one exception was in a shot with an internal transport barrier
co-located with a peaked ion temperature profile in which a

of calculations in which the produ@G is multiplied by a drift correction omitted from the present gyroviscous model

factor of 2. As shown in Figs. 1 and 2, the results are relaWould be expected to be important. _ .
tively insensitive to this change. The calculated radial profiles of toroidal and poloidal

To further test the sensitivity of our simulations to the rotation velocities and radial electric field agreed with ex-
details of the momentum input rate distribution, our simula-Periment(to within <15% for the toroidal rotation velocity
tions were repeated using the input torque profile calculate@t the one time in one L-mode shot that was considered in
by the TRANSP codé? for this shot. Forp<0.8, the fast ion detail. Further comparison of radial profiles in a range of
deposition profile calculated withRANSP agrees with the Shots will be the subject of a future paper. .
one obtained with th&iBEAMS code. and thus the calculated These results lead us to conclude that the rotation theory
toroidal velocity and radial electric field profiles were quite SUmmarized in Ref. 1, which is based on gyroviscous angular
similar to those shown in Figs. 1 and 2, for both values of then®mentum transport, can predict the momentum confine-
product®G. However, theTRANSP torque profile becomes ment times and toroidal rotation velocities measured in
negative forp=0.8, probably due to the treatment of fast ion P!lI-D under a range of operating conditions. However, in-
first orbit losses and the associated B torque?? Since our clusion of a drift correction to the gyroviscous force may be
model does not include these fast ion loss anB effects, ~Necessary to deal with internal transport barriers.
we can not use therAaNsPtorque forp=0.8 in our calcula-
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