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The extended neoclassical rotation theory formulated in Miller flux swface geometry enables
unprecedented neoclassical calculations of the poleidal asvmmetries in density, rofation velocities,
electrostatic potential along the flux surfaces, and of the nertial (Rewynolds sfress) and gyvroviscous
transpert frequencies, which are strong functions of these asymmefries. This paper presents such
calculations of the peoloidal asymmefries and nonnegligible inertial and gyroviscous transport
frequencies in two KSTAR (Korea Superconducting Tokamak Advanced Research) [Kwon ef af, Nucl.
Fusion 51, 094006 (2011)] Neutral Beam Injection H-mede discharges. The in-ouf asymmetries in the
velocities are an order of magnitude larger than their up-down asymmetries. The magnitudes of the
predicted inertial and gyroviscous transport frequencies depend on the magnitudes of the density and
velocity asymmetries. The neoclassically predicted density asymmetries are shown to correspond with
the reported measurements in tokamaks and the predicted carbon toroidal velocities agree very well with
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the measurements in KSTAR. © 2074 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4848175]

. INTRODUCTION

It is impertant to understand plasma rotation in toka-
maks because of the effect of rotation on stabilizing MHD
modes’? and confinement.* To this end, an extended neo-
classical rotafion theory™® incorporating poloidal asymme-
tries in density, rotation velocifies, and electrostatic potential
was recently extended”® to an elongated poloidally asym-
metric and Shafranov-shifted flux surface geometry”'” and
shown to agree rather well with experiment.” The extended
theory” * is based on the Braginskii’s closure theory and vis-
cosity representation' - and the Stacey-Sigmar (3-8) repre-
sentation of the poloidal asymmetries and poloidal rotation
with low order Fourier series expansions. >

Existence of the poloidal variations aleng the flux surfa-
ces in density (and by implication via momentum balance in
the velocities and electrostatic potential) has been observed in
tokamak experiments™ 7 (primarily in the edge); thus, theo-
retical understanding of these asymmetries and their contribu-
tion to fransport and confinement became increasingly
important for understanding tokamak plasmas. It was found in
Ref. 7 that the accuracy of the extended neoclassical rotation
theory” ¥ was sensitive to the accuracy of the flux surface ge-
omefry representation. The code wrtfen to solve the extended
rotation theory,”® GTROTA,™ has recently been upgraded to
allow the calculation of additional plasma parameters not pre-
sented in Refs. 5 and 7. The prediction capability of the
assumed peleidal asymmetries in density, rotation velocity
(both toroidal and peleidal), and electrostatic potential is
exploited i this paper to calculate all these asymmefries in
two KSTAR (Korea Superconducting Tokamak Advanced
Research)™” H-mode discharges and to estimate from them the
inertial (Revneolds stress) and gyroviscous franspert frequen-
cies that would affect rotation. Fvaluating the transport fre-
quencies as functions of the asymmetries based on an
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elongated flux swface geometry representation, the predicted
carben toroidal rotation velocities presented in this paper for
the two KSTAR shots agree very well with the measurements,
as they did previously for two DIII-D discharges.” This paper
presents the caleulated results of the asymmetries and the
transport frequencies, which contributed to the accuracy in the
velocity predictions and discusses the importance of the poloi-
dal asymmetries and their impact on the main 1on and 1mpu-
ity transport in tokamaks.

Il. EXTENDED NEOCLASSICAL ROTATION THEORY
A. Plasma fluid equations

Based on the Braginskii’s closure theory,'” the extended
rotation theory * is developed from the continuity and mo-
mentum balance equations for a two-ion species plus elec-
fron plasma medel, vielding a set of coupled equations to
solve for the radial profiles of the mean velocities and the
up-down and in-out asymmetries in density, toroidal and
poloidal velocities, and the electrostatic potential. The vis-
cosity medel is based on the Braginskii’s flow rafe of strain' "
extended to torcidal geometry by Stacey and Sigmar,*® to
the Miller flux surface model by Stacey and Bae, and
extended to arbitrary collisionality by the use of the Shaing-
Sigmar neoclassical viscosity model.’ Egq. (1) shows the ba-
sic form of the momentum balance equation in the extended
rotation theory” * in a coordinate-free form

- (17;- : v) Vit VP + V-

n}-e}-(}f—l— I?J,- ® é') + ﬁ}-l + S_;-l m}-i}'}-S}-o. (1
The first, term, in Eq. (1) comes from the Reynolds stress,
gV - Y?}V_’; , and is called “inertial” term in the extended
rotation theory” ® Note that this inertial term is usually
neglected in neoclassical studies but the extended rotation
theory” ® not only retains it but also evaluates its contribution
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as a function of the up-down velocity asymmetry as presented
in this paper. The extended rotation theory” ® decomposes Eq.
(1) into three scalar components (r, #, ¢} and converts them
mto the curvilinear geometry with the method discussed by
Stacey and Bae.” More details on the recent derivation of the
extended rotation theory”™® with a realistic flux surface geome-
try™® can be found in Refs. 7 and 8.

The wvery characteristics of the extended rotation
theory” * that allow predictions of the poloidal asymmetries
and the related transport come from the uniqueness of the S-
S poloidal rotation model,”'? which takes additional
physics factors inte account compared to the Hirshman-
Sigmar (H-S} model®™ that NCLASS code® is based on.
These characteristics include: (1} inclusion of all the terms in
the poloidal momentum balance equation including the non-
linear “inertial” term; (2) the lowest order Fourier series
expansion of density, velocity, and electrostatic potential;
and (3) calculation of the inertial and gyroviscous transport
as functions of the poloidal asymmetnes. Inclusion of all the
terms in the peleidal component of the momentum balance,
Eq. (1}, is especially impertant for an accurate calculation of
the peloidal velocity and the asymmetries along the flux
surfaces. The final form of the poleidal mementum balance
equation in the $-8 model'*™ is shown in Eq. (2} in curvilin-
ear geometry with the sources (§;” and 5:,-1) and friction (ﬁ }-l)
replaced with the actual calculation models

| (75-9)7),+

(v-i’) +—% Mg

hy OO
+ v (Ve Ver) +m6;(VeiBg  Ep)
+ H}'m;'vion}'vﬁj + ”;’m;'vziex;'vﬁj 0: (2)

where hp is the differential metric coefficient in the poloidal
coordinate. Here, M; is the extemal momentum input and the
fifth term 1s the inlterspecies collisional friction given by a
Lorentz form, F ; iy L Vi (V} 17;() The lowest
order Fourier expansion of density, velocity, and electro-
static potential in the S-S model™ 13 is of the form

X(r,8) = X,(r) [1 + X} (r)cos 8 + X! (r)sin Ev‘] , (3)
for a given plasma parameter X of the species j with the
overbar indicating the average over the flux surface at a
given radial location (#). The superscript “c” and “s” indicate
poloidally “in-out” and “up-down” varations of the parame-
ter X along the flux swrface. Thus, the coefficients
(n; o V; ‘:b , @} introduced from the sine and cosine expan-
sions in Eq. (3) are termed “poloidal asvmmetries” in the
extended rotation theory” * and can be calculated as func-
tions of the radial coordinate. The final formalism couples
the velocity (VC ) and electrostatic potential asymmetries
(D) to the densﬂ:y asymmetries (nf *); thus, the expansions
given in Eq. (3} ntroduce nf"? only as the new unknown vari-
ables in the final numerical caloulation mod&:],IE which con-
stitutes an eight coupled nonlinear set of equations for a two-

ion plus electron plasma model. The third characteristic of
the S-S mod&:l,w’lg calculation of the inertial and
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gyroviscous transport frequencies as functions of the asym-
metries, i1s simply a direct consequence of the expansions
assumed in Eq. (3} as presented in the Sec. I B.

B. Transport frequencies and poloidal asymmetries

The extended rotation theory ® with a realistic flux sur-
face geometry™ and the Shafranov shifts” presents the for-
malism that allows predictions of the cross-field toreidal
angular momentum ftranspert processes, which are repre-
sented by the inertial and gyroviscous transport frequencies
(v, and v g, respectively). From the toroidal angular momen-
tum component of the first term in Eq. (1), the flux surface
average (FSA) of toroidal angular “inertial” torque with the
Miller geometry'® is given by

'(?'I i RZ (‘[?} . V) ‘?;) Roﬁjm;'yn}"?cﬁj: (4)

with the inertial (Reynolds stress) transport frequency given
by
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where ORo/8r represents the Shafranov shift” L'

1/X(0X/6r) is the gradient length scales for a given quan-
tity X, A, is the differential metric coefficient in the radial
coordinate, & — r/Ro, and E};f _ V‘;;/s is the normalized to-
roidal velocity asymmetries used in the numerical caleula-
tion model.’® Note that the first term in Egq. (5) is
mdependent of the poloidal asymmetries but the second one
15 a strlct function of V o ; thus, any neoclassical theory with-
out ch m its formalism will net caleulate this contribution
unless formulated otherwise. Alse from the toroidal angular
momentum of the second term in Eq. (1), the FSA of toroidal
angular “viscous” torque is given by

RV V-7) ((R2Ve V-7),)+ (RPVe V&),

= ((R°V$-V 7)) RotmpsVy, (6)
where the gyroviscous (drag) transport frequency is given by
v s b"‘lf?- + L@}-, )]

with the first term representing the contribution of the elon-
gated geometry™® alone and the second term from the gradi-
ent scales being the similar result obtained in the earlier
circular flux surface model®®
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G _ r(L_ +L7 +Lvm) (10
2
55 [ o/ pCO8 ] 1/ cosd cos ¢ siné m ¢
) V@( <R—hehy >~|—E<R ol >+<Rcos€hehr Rsin ot +x hgk
g 2 2 ot : , {11y
L, o sin n
+] ( V¢}-<R—hehr > + <Rmn8hah > + x<Rsm6cos€hBh >)

with ﬁ} _ nf * /& being the normalized density asymmetries
in the nmnencal calculation model.™ Equation (6} shows an
important characteristic of the extended rotation theory” ®
that the perpendicular viscosity, which is traditionally
believed to dominate most of the neoclassical viscous trans-
port, 1s simply neglected due to Braginski’s #,, = #, order-
ing and the gyroviscosity replaces ifs role of predicting the
enfire neoclassical viscous damping. Note here that vy given
by Egs. (7}-(11) is a strong function of 7" and V;f, thus
vanishes in any formalism that neglects the corresponding
poloidal wvariations unless formulated otherwise. In the
extended neoclassical rotation theory,”:8 Vg;.‘? and & do not
play a direct role in the calculation of v, and vy but affect
the final results through their couplings with other plasma
parameters.

The extended rotation theery’ ™ takes the cosine and sine
moments of Eq. (2) with the Fourier expansions assumed in
Eq. (3), which reduce to Egs. (12) and (13), respectively
{expressed in generic forms for the two species, with § being
githeri  deuterium or{  carbon and k being the other), to
solve for ﬁf"* )

Amﬁf + Aczﬁf + Amafty B, (12)
ASlﬁf + Agz?_?:f + Aﬁﬁi Bg, (13)
where Acg and B g coefficients can be found in Appendix C

of Ref. 7. All other asymmetries, Vc ‘and @, are coupled to
c o by

Vi — Vife A, (14)
e Ve 18R . o1
Vﬁ,}._? A+ <R 86’ ind— >/<sm S}Tﬁ'>, (15)

Y’;fﬁf ﬁf“}'ls"l'“f?s’ (16)

1
e Vo | e c<1’|‘5005<§> Ic ¢
V@' {}cﬁ}_ % +°sz <1> T %2
h,

X(1+6Ro(r)><(1+810055)$r> i (%gc m&c)}

or i ";Cﬁi
by

(17}
oy O TS
o T i 18
. Be (18)
where oc}ls 052‘5 IC rxzc o2C, and o can be found in

Appendix C of Ref 7 and 1St _ no fe are coupled with nf‘f
by the charge neutrality, 7, = Z;7; + >, Z;7;. Note that all
the parameters in Eqs. (14) to (18} are nommalized to the
same order of magnitude in the numerical computation
model.”® Therefore, the formalism presented in this section
allows calculations of the poleidal asymmetries assumed in
the S-S model,™*"* and the associated inertial and gyrovis-
cous transport frequencies that represent the cross-field mo-
mentum  transfer for two KSTAR H-mode discharges
infroduced in the Sec. 1.

lll. KSTAR EXPERIMENTS

Two sinilar KSTAR NBI (Neutral Beam Injection)
H-mode discharges (#5505 and #5953) are analyzed in this
paper to calculate the poloidal asymmetries and transpert
frequencies in order to investigate their relative magnitudes.
Table I summarizes the discharge parameters and the experi-
mental configuration for both shots is illustrated in Fig. 1,
which is a typical KSTAR experimental setup with the
plasma current in CW (clockwise) direction. KSTAR cur-
rently has no poloidal velocity (V) measurement capability
and toreidal rotation is measured by beth XICS (X-Ray
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TABLE L. Summary of the KSTAR shot parameters.

Shot properties Shot 5505 (25(ms}  Shot 5953 (2500 ms}
Beam injection direction Co-injection Co-injection
Divertor configuration Lower single Lower single
null (USN} null (LSN)
R (major radius} 1.832m 1.835m
@ (minor radius) 0.504m 0488 m
By [r = 0} (toreidal B field) 151T 1.91T
By™* (max. poloidal B field) 16T 021T
k(r = a} (elongation) 1.821 1.85
8 Zhotom 1 (Zrap} +.8/0511 0.761/0.486
(riangularity)
I (current)} (661 MA (.613 A
Vinap (loop voltage) 0233V G248V
NEI power SkeV 85 keV
Impurity/deaterium .11 .11

density ratio

Imaging Crystal Spectrometer) and CES (Charge Exchange
Spectroscopy). For the two shots analyzed in this paper,
however, CES measurements were not available due to no
beam modulations. Thus, toroidal velocity (Vy) measure-
ments were available for the core range only (p < 0.2 for
#5505 and p < 0.4 for #5953, where p  r/a is the normal-
1zed radial distance) through XICS but with a highly rehable
accuracy. KSTAR injects puffed argon gas for XICS to mea-
sure V;’ ; thus, we initially assume V24 = VC%%" and iterate
the nonlinear algorithm in GTROTA™ to predict both toroi-
dal and poleidal velocities of both carben impurity and deu-
terium. GTROTA™ was also modified to test the validity of
the calculated Vg profiles by checking the final solutions
with different imitial guesses inferred from TRANSP data.

IV. PREDICTIONS OF VELOCITIES AND
ASYMMETRIES
A. Predicted velocities

Fig. 2 shows the toroidal (Vt) and poloidal (Vp) veloc-
ities predicted by GTROTA"™ for the two KSTAR dis-
charges. The predicted toroidal carbon velocities (Vrg”’"‘”) are

FIG. 1. KSTAR experimental setup (shots #5505 and #5953},

Phys. Plasmas 21, 012504 (2014)
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FIG. 2. Toroidal and poleidal velocites in two KSTAR discharges (positive
CW when viewed from the top for Vi/positive upward at cutboard midplane
for Vp). (a} #5505 (2500ms); (b) #5953 (250 ms).

shown to stay within approximately < 10% to the experimen-
tally measured profiles (Vr;;i”-f‘_‘lF in the core ranges (p < 0.2
for #5505 and p < 0.4 for #5953), which is the same finding
as in Ref. 7. The V&% profiles in the range with no meas-
urements are simply interpolated against the measured tem-
perature so that we have the initial guesses for the nonlinear
GTROTA algorithm™® for the entire radial range. Thus, the
seemingly large deviation in the p > 0.4 range for #5953
does not indicate that the final solution actually deviates
from the measurement. It rather indicates that the predicted
Vx‘ém‘p profile 1s & more reliable than the interpelated one n
the non-measured range. We also note that the velocity pro-
files shown in Fig. 2 are not reliable in the edge (p = 0.9)
with the current theory”® due to lack of sophisticated atomic
physics freatment in the edge.

A test of the numerical calculation with the asymmetries
turned off shows over-predictions of Vrgm‘o when cempared
to V¥ in the measured core ranges, proving the impor-
tance of the asymmetries in the 8-S model’® and the inertial
and gyroviscous damping confributions calculated to counter
the over-predictions. This test indirectly compares the S-S
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(i =deuterium /I = carbon)

HG. 3. Poloidal asymmetries of KSTAR #5505 (2500 ms} discharge. (a}
density and electrostatic potential asymmetries; (b} toroidal and poloidal
velocity asvmmetries (i = deuterium{ = carbon).

model and the H-S model, i.e., GTROTA and NCLASS,
respectively, but even with the asymmetries tumed off the
extended rotation theory” * contains more terms, including
the nenlinear “inertial” term, than NCLASS does. In addi-
tion, the reahistic flux surface geometry using the Miller model
and Shafranov shifts are accounted for in GTROTA. A direct
comparison between NCLASS and GTROTA calculations is
expected to be available in the near future. GTROTA is also
expected to be upgraded to allow predictions of the velocities
based on diverse theoretical settings such as circular or Miller
geometry with and without poloidal asymmetries, which would
allow investigation of both geometry and poloidal asymmetry
effects in neoclassical calculations.

B. Predicted poloidal asymmetries

Figs. 3 and 4 show all the calculated poleidal asymme-
tries for the reliable range (p < 0.9} with the cwrent
theory.”® It is shown that the density asymmetries (nf’s) are
generally of ~((1072) for the p < 0.9 range but usually of

Phys. Plasmas 21, 012504 (2014)

£
> 0.04]
W
<

Density

Gitis I N S
0.01

0.005

Elec. Pot. Asym.
=
[=]
3 2

-0.01

rho

——vel ! ! ! ] :

V| i e e
+th° o

i L Yy ol

b) Toroidal and poloidal velocity asymmetries

(i = deuterium /I = carbon)

FIG. 4, Poleidal asymmetries of KSTAR #5953 (2500 ms)} discharge. (a}
Density and electrostatic potential asymmetres. (b} Toroidal and poloidal
velocity asymmetries (i = deuteriwm{l = carbon).

larger magnitudes in the edge (p > 0.9} although the edge
data are not presented in Figs. 3 and 4 to prevent misleading.
Though 7 and » stay within the same order of magnitude,
w] 1s generally larger than »} for the two discharges. Recent
experiments in the C-Mod™"® suggest @(10%) in the edge
for " from the ohmic discharges but a direct comparison to
the GTROTA™ prediction is not available since the C-mod
measurements are mainly for the edge. For an indirect com-
parison, Reinke et al™ recently suggested that 7Y, in the
C-Mod scales with n,By /I, factor and the impurity distribu-
tion transitions from a nearly symmetric state (<0.1) to a
strongly asymmetric state (~1) as 1B, /I, increases through
35 < nBg/l, <4 range. Although the KSTAR discharges
analyzed here are not ohmic, their nchpffp(MA) x 10720 val-
ues are calculated to be approximately 2.2 in the core and
monotonically decrease fo (.2 in the edge, thus generally
much loewer values than the transition thresheld of the chmic
discharges in Ref. 14. Thus, the magnitudes of #} predicted by
the extended rotation theory’® for the two KSTAR strong
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rotation discharges, which are shown to be <0.04 from Figs. 3
and 4, seem to be consistent with the asymmetries observed in
the C-Mod.™

Exastence of the up-down asymmetry in toroidal veloc-
ity (V:;) is observed in the two KSTAR discharges with their
qu measurements showing different magnitudes in the up
and dewn directions from the plasma center and the calcula-
tions presented in Figs. 3 and 4 show that they are in the
same order of magnitude with #~°. It is, however, interesting
that the in-out asymmefries in both velocities (Vc ) are gen-
erally larger than the up-down asvmmetries (V“" ) by an
order of magmtude which is an epposite ﬁndlng fmm the
case of n} and n} comparison. From Eq. (15), it can be
observed that the larger magnitude for V3§ is a result of the
geometry effect because the second term in Eq. (15) comes
from the FSAs of the Miller geometry metric coefficients
while the first term (7]} 15 shown to be an order of magnitude
smaller from Figs. 3(a) and 4(a). An investigation of Eq.
(17), however, reveals that V5 1is calculated from a combina-
tion of several physical parameters along with the asymme-

ies, thus neot from the geomefry effect alone. Another
interesting result is that Vi of deuterium, V¢ from Fig. 3(b),
reaching much larger than 1.0 above p > .75 for #3505
indicates the possible existence of negative toroidal veloc-
ities (i.€., flow reversal) at some poloidal locations along its
coerdinate direction (&) but its verification is difficult with
current diagneostic data. We also note that this large V;
asymmetry value must be understood as a tendency, not to
predict the magnitude of an effect, because the cumrent
theory”® retains only the first order terms in the asymmetries
and thus we implicitly neglect the higher order asymmetries
and the higher order products of the low order asymmetry
terms. With the expected complication of considering the
neglected higher order terms and possible other effects such
as lack of accuracy in the provided plasma inputs and the nu-
merical noises In the Vj calculation using Eq. (17), the V§
values being much larger than 1.0 for #5505 indicates a
strong tendency for V‘; to grow in the comrespending range
but the actual magnifude must be determined with the higher
order terms considered in future calculations.

The electrostatic potential asvmmetries (D) are gener-
ally smaller than nf’“" by more than an order of magnitude but
these smaller ©°* are believed to be as important as other
asymmetries in the accuracy of the velocity calculations
because the electrostatic potential (@) has a significant
impact in the momentum balance. From the numerical calcu-
lations for the two KSTAR strong rotation discharges ana-
lyzed, we can conclude

{o¢ < 0(1672)} < { 4V 0(10—2)}

< {vs,~olio )}, (19)

and we can fairly expect similar results for the strong rofa-
tion discharges in other tckamaks. The small poloidal asym-
metries in density and electrostatic potential with their
magnifudes at or below 0(1672) would simply indicate small
physical variations along the poleidal direction in the two
KSTAR discharges. The velocity asvmmetries, however,

Phys. Plasmas 21, 012504 (2014)

mdicate significantly complicated physical vanations along
the flux surfaces with ¥V Bp being much larger in magmtude
than V . The current KSTAR data mdicates the possibility
of expenmenta]]y measuring ¥} B4 without modifying the
diagnestic cenfiguration but the V‘T measurements would
require some modification to gain access frem beoth the low-
field and high-field sides as done in Ref. 15.

C. Predicted transport frequencies

Fig. 5 presents the calculated inertial (1.} and gyrovis-
cous (vy) transport frequencies, and their additions
{(¥5j + vg5). A numerical investigation on v, shows that the
first term in Eq. (5} 1s smaller than the second by more than
an order of magmtude with Vy being much larger than V,.
Thus, we can approximate Eq. (5) as Eq. (20}, indicating that
vy 1s & strong function of V7, thus not negligible even with
Vi, being ~O1072) as presented in the Sec. IVB and an
appmmmatlon of 7, ¢4 glone in the formalism cannot predict
this larger contrlbutwn to inertial (Revnolds stress) transfer

rho

Nu (1/s)

——Deuterium | &
""" 7| —8—Carbon

Nu +Nu,(1/s) Nuy(1/s)

] 0.1 0.2 03 04 0.5 0.6 o7 08
rho

b) #5953(2500ms)

HG. 5. Tramsport frequencies of two KSTAR discharges (top: vy, middle:
vg;, bottom: the addition of vy and wg). (a) #5505 (2500ms); (b) #5053
(25({yms).
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<18R - 1 >
Vi 2 \27.9?-51}:;,}- <cos 6%> + Llha <00528%>
? <sin29—> g
hg
—I—s<cos€%>+-—<z—§1 &— > i (20

For vy which is a function of several different asymmetries
and other plasma parameters as shown in Egs. (7) to (11), we
niote that without the poleidal asymmetries we end up calculat-
mg the much smaller perpendicular viscous transport,
((RZqu) V- E)l), leading us to believe that the viscous
transport 1s neghgible in tokamaks. In the extended rotation
theory,” ¥ we neglect this smaller perpendicular viscosity con-
tribution and instead calculate the gyroviscous compenent,
{(RZqu) Vi) v)s due to the Braginskii’s coefficients order-
ing given by %, = #,. I Compared to Vn, WE observe that
O(vg) = O(v,) by an order of magnitude for #5505 but
O(va) ~ Ov,) for #5953, A numerical comparison of v}f and
v, given by Egs. (8) and (9) respectively, reveals that these
two components show oppositely directed transport; thus, their
relative magnitudes determine the final order of magnitude for
v4. Based on the two KSTAR shots analyzed in this paper, the
gvroviscous momentum transport is larger than the Revnolds
stress momentum fransfer (v 3 v,} when [v3] = |v}| but
both are comparable (vd ~ v,) when |14| ~ |v|. From Egs.
(8) and (9), we see that v} is phys:ica]ly coupled with two up-
down asymmetries (V¥ , #!) while v is associated with the
gradient factor ((;) in Eq. (10} and the asymmetry factor (9 3}
m Eq. (11); thus, a combmat:len of both up-down (V*" . A ) and
in-out asymmetries (n ) A numerical mvestlgatlon on G

and 6 reveals that vﬁr is dominated by G; with its magmmde
hlgher than that of ¢; by more than an order of magnitude;

thus, physically large gradients in density, temperature, and to-
roidal velocity profiles seem to vield higher v/, causing larger
gvroviscous transport than the inertial transport (17 3 14,). On
the other hand, a unique combination of V“" and n3 may vield
relatively high v} values, which would reduce the gyrovlscous
transport to make it comparable to the inertial transport
{1y ~ v, ). This will be further investigated as more shots are
analyzed from diverse tokamaks in the future. Fig. 5 also
presents the additions of 1,; and 155, which show no sign of any
“cancellation” between the two. This result suggests that the
more detailed approach taken by the 8-S rotation model”® with
all the terms retained in the poloidal momenturn balance and the
representation of the polaidal asymmetries with an accurate ge-
ometry effect™ show no sign of gyroviscous cancellation.

V. RADIAL ELECTRIC FIELDS

Unlike the tokamaks with well-established diagnostics
such as DII-D, KSTAR currently do not have Vg measure-
ment capability, preventing the calculation of experimental
radial electric field (£, )} profile. This limitation prevents fur-
ther theoretical rescarches on numerous interesting KSTAR
discharges even though the performance of superconducting
KSTAR tokamak is of great interest to the fusion plasma
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Radial Electric Field

Er (kV/m)

a) #5505(2500ms)

Radial Electric Field

Er (kV/m)

b) #5953(2500ms)

HIG. 6. Radial electric fields predicted by the extended rotation theory. (a}
#5505 (2500ms}); (b} #5953 (2500 ms}

community. GTROTA,™ however, predicts Vy profiles (and
i'?qg, in the non-measured range by XI1CS) of both deuterium
and carben as presented in this paper using its nonlinear iter-
ation scheme, thus allowing a theoretical prediction of E,
even with limited velocity measurements. The predicted E,
for the two KSTAR discharges presented in Fig. 6 are calcu-
lated based on Eq. (21) from the extended rotation theory”

1
. . <1—|—scos<‘j> . ORo(r
E, V{h}'BE Vﬁg'f ng; (1 + %
hy
]
" (14 ecosé)h, #

1 s (21)
(5)




012504-8 Bae ataf
where P 1 o Converting Eq. (21} into the
i Vay — VayneBs Or° g £4.

circular flux surface geometry, we get a more familiar (and
more widely used) form for £, calculation, Eq. (22), but still
with the Shafranov shifts accounted for.

s LT sy vafr 0]
E, Rie; Or VgBy  VgiBall+ ar .22

Thus, Eq. (21) coded in GTROTA™ takes both the realistic
Miller geometry'? and Shafranov shift” effects into account.

VI. CONCLUSIONS

The extended neoclassical rotation theory” * allows un-
rrecedented neoclassical caleulations of the peleidal asymme-
tries not only m density but also in velocity (both toroidal and
polaidal) and electrostatic potential, thus necclassically pre-
dicting both the inertial and gyroviscous transport contribu-
tions as functions of the asymmetries. Recently, neoclassical

theories™ ?° were developed for the calculation of neoclassi-

cal toroidal viscosity (NTV) caused by the breken toroidal
axisymmetry due te the perturbations in the toroidal magnetic
field and were used to explain the velocity damping caused by
the infemal kink modes during ECH (Electron Cyclotron
Heating) injections in the KSTAR *” In the KSTAR, a signifi-
cant NTV damping comparable to the NBI torque is calcu-
lated” from the toroidal magnetic perturbations with its
magritude on the order of 107°. In comparisen, the extended
recclassical rotafion theory”® takes the variations in the
plasma parameters such as density, velocity, and electrostatic
potential, along the poleidal direction into account and studies
their neoclassical effects, which were translated into the neo-
classical calculations of the Reynolds stress and gyroviscosity.
Improved accuracy in the velocity predictions presented in
this paper and Ref. 7 indicates the importance of these addi-
ticnal neoclassical momentum damping mechanisms in the
accurate predictions of both the main ien and impurity frans-
port in the modern tokamaks and the ITER (International
Thermenuclear Experimental Reactor) as well. The magni-
tdes of the poloidal asymmetries calculated in this paper,
summarized in Eq. (19), are much larger than the o(107?)
non-axisymmetry in the toroidal magnetic field caused by the
internal kink modes during the ECH injection”” Considering
that V; is significantly smaller than V¢.= it is intuifively
expected that the variations in peoloidal direction must be
much larger order of magnitude to introduce non-negligible
damping effects, which is the case shown in this study.

The key factor that allows the extended theory® ® to neo-
classically predict the asymmetries and the associated neo-
classical transpert comes from the unique characteristics of
the 8-S peloidal rotation model™!? applied in the develop-
menit of the theory. GTROTA'™® with the recent upgrades has
successfully analyzed two KSTAR H-mode discharges,
which have limited velocity measurements compared to the
DII-D cases of Ref. 7, and predicted the important discharge
parameters such as V¢ and V, profiles of both deuterium and
carbon impurity with high accuracy, all the poleidal asym-
meftries in the S5-8 mod&:],12 and £, as well. The predicted
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carbon toroidal velocities for the two KSTAR discharges
agree very well with the measurements when the inertial and
gyroviscous damping contributions are evaluated as func-
tiens of the asymmetries using the elongated flux surface ge-
ometry representation, which is the same finding as in Refl
7. The predicted density asymmetries for the catbon impurity
seem to correspond well with the experimental measurement
reported'*" and are physically intuitive when considering
the expected differences between the ohmic and the NBI-
heated discharges, thus increasing the confidence in the pre-
dicted prefiles of other asymmetries for the two KSTAR dis-
charges investigated. With the asymmetries not only in
density but also in velocity and electrostatic potential, we
find that 2, is also a strong function of Vfﬁ. but v is deter-
mined by a combination of the asymmetries and other
plasma parameters. The extended rotation theory’® is
expected to be further extended in the near future to ncrease
its accuracy in the plasma edge (p = 0.9) with a detailed
atomic physics treatment and to investigate the mechanism
of infrinsic rotations as well.
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