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Outlines (1) &>

@® Neoclassical toroidal viscosity (NTV) arises from very small asymmetric
magnetic perturbations of 1072 ~107* x B, by the error field, MHD activities,
or external perturbation coils applied to mitigate ELMs (RMPs).

® NTV is considered to damps plasma toroidal rotation, which may affect
the stability of other MHD modes (RWM, locked modes).

@® Observed toroidal rotation damping rates in NSTX, JET, etc., have been
studied with analytic theories of NTV which are derived from bounce—
average drift—kinetic equation [ex. Shaing et al, Nucl. Fusion 2010].

@ Analytic formulae are usually given in an asymptotic limit which is_valid
only in a certain range of collisionality and E x B rotation speed, or
connection formula of such approximated solutions. They also rely on
many approximations that are used in conventional neoclassical
transport theories.

@ It has not been well examined how quantitatively accurate those analytic
formulae are.




Outlines (2)

® To develop a simulation scheme for precise and quantitative reliable
evaluation of NTV, a drift—kinetic neoclassical transport code for helical
plasmas, FORTEC-3D, is applied to direct simulation of NTV by the ¢ f
Monte Carlo method. (Satake et al., PPCF 2011, PRL 2011)

® Benchmark tests for E x B — 0 case has revealed that the asymptotic
analytic formulae overestimates the NTV in low—collisionality regime,
while the combined analytic formula by Park et al. [PRL 2009] agrees
with FORTEC—-3D direct simulation in wide range of collision frequency.

¥ We further benchmarked the NTV calculations in the finite— E x B
rotation cases, in low—collisionality tokamak with a single—helicity
magnetic perturbation.

@ It is found that the radial profile and the dependence of NTV on E, show
qualitative difference between the §f simulation and the analytic formula
when |E,.| becomes large.

@ This difference is related to parallel flow shear which develops around
the resonant surface in FORTEC-3D simulation.




Basic relations for NTV calculations <

@® Momentum balance equation

0
—(mnu):—V-E}+enuxB+enE+F+Sm

Ot S, = /d% mvS : Momentum input

F = /dBU mvC(5f) : Friction force

@ Radial particle flux [{V - (%) x above eq.) ]

) i / / H ““III“ "..........‘
. ’ /// . . m . B :" ‘o;‘
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-eB? eB? e L\ Ot
L I'g, I'ne Ls, [
Classical flux Radial E x B flux Momentum-input driven flux ~ Polarization flux
(neglected in FORTEC-3D)
@ Neoclassical flux Flux driven by
Bxvi-v.-B\ G /B.V.P ] . — toroidal viscosity
Iye =~ oI =T B +5<EC'V'P> @ (non-ambipolar)
@ Time evolution of toroidal angular momentum (Banana-plateau & Pfirsch-Schluter fluxes)

( (ec- ) product of the momentum balance eq. )

) <%£Z’> =Y (—eatlfy +T¢) + (I xBe). [ (L) = (mnu - ef) J

- a: particle species

Toroidal rotation is accelerated by the toroidal viscosity elzrv = <ec V- F),
external torque input 7, , and the torque of J x B force.




Evaluation of pressure tensor and NTV in the 0 f method

The guiding-center distribution function : f = fy;(v,v) +6f (v, 0,¢, v, v)

> — hard —
= P ~Pcar=p{¥)I +6Pbb+ 5P (I —bb).

Taking an flux surface average = (e;-v-P) =1 (&P},

where 6P = 5P + 6P, =m fdgv(vﬁ/Q +v1)éf.

l

DKE foréf is solved in

FORTEC-3D

Making use of the magnetic field expression in Fourier series in Boozer

coordinates, NTV is calculated as follows:

B(y,6,¢) =

m>1 m>0,1n2£0

2 2V B2 9( v

1- Z €m (1) cos(mb) Z O n () cos(mb — nC)]

1<%5P> = G_l_dfd@dg 1 9P = G_HJ fgdé’dc Zné 1 sin(mf — nQ).

Then, the toroidal viscosity is evaluated by decomposing into the following form:

(ec-V - P) = (ec- V- F)m’n = By > nmn@umon -

m,n

_ /0P |
Qo = <§ sin(mf —n§)>.

In this expression, one needs to evaluate only the @... components which has

corresponding non-zero 4, (n #0) perturbations applied.




Basic properties of neoclassical toroidal viscosity (Q)

Definition of asymptotic collisionality regimes
3 T . . .

» Collisionality dependence is checked for E, =0 cases.

» Parameter survey is carried out by magnifying the
collisionality in the range SBP to plateau regimes.

> Single-helicity perturbation, 7 3 = 0.02 (r/a)? cos(78 — 3¢)

is superimposed on cylindrical tokamak field, which has a
resonant surface at r=0.49a where q=7/3.
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Combined NTV theory (J. K. Park)

* Including the missing components in conventional bounce-average
theories:

— Resonance between bounce motions and electric precession
— Resonance between magnetic and electric precession (SBP and SB)
* Do not use assumptions that limits the range of collisionality (such
as 1/v, superbanana, etc.)

« Combined formula for NTV torque has been derived with effective
Krook collision operator

‘ — -1/ zf 1 oC
(6-V M) = —=— ; [ dk*s2 [ drRoare [u +2.00 |-
V 2 )’"‘ RU J0 J0

1dT,
e dy

} (1)

Torque (Transport) Z Om,n //Resonance Rotation with offset

, 1 n*(1+ (3)°)5ez(@ — 5)%e™"
R’u,-‘ji"' = E 22 . 9 ' (12)

fr;;mu VT — nwg — .;rlcrij(;..,ﬁ“,huya)‘1} + [(1 + L%)E)?‘] -3

Bounce Electric Magnetic Collisionality
Frequency Precession Precession

[Park et al, PRL102, 065002 (2009)]



Benchmark test : (m,n)=(7,3) single-mode perturbation, E,. = 0 limit @

Radial orofile of neoclassical toroidal viscosity Collisionality
(a) FORTEC-3D (b) Analytic fomula (Park) / control factor
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g=7/3 surface
» The overall tendency of radial profile is similar. Both results have a strong peak of

NTV at the resonant flux surface (q=7/3).

»The peak values are close (within factor 2~3) between FORTEC-3D and the combined
formula, but FORTEC-3D has larger NTV tail values at the off-resonant tails.

»Shaing’s 1/v formula for v« ~ 0.1 is also compared here. The peak value is much larger,

while it drops rapidly towards the off-resonant surfaces.




Benchmark test : (m,n)=(7,3) single-mode perturbation, E, = 0 limit (&

NTV Dependence on collision frequency y
Flux surface position (r/a)

Collisionality dependence: (a) Single mode \l,
L0 b k| F3D(038) N
T e ? % "1 F3D(049) — FORTEC-3D
: | ' F3D(0.66) =ssrinan
I F3D(0.81) e _
le-03 PK(0.38) Comb!ned
NE I PK(049) © — analytic
H , PK(0.66 L
z - | (0.66) » - formula
o~ le-04 it B
e e
> i , : : : L _
w108 | gl Asymptotic formulae
< [ e | . | j (@r=0.49a)
I A ( 1 /v regirﬁe)
le-06 I ]

le-04 1e-03 1le-02 1e-01 le+00 lesql (Satakeetal,PRL2011)

Vi
ONo clear 1/v, or Superbanana-plateau type dependence are found in the
FORTEC-3D simulation.
OAsymptotic limit formula is valid only in a narrow range v, ~ 1.
OGood agreement with Park’s combined formula is found over the wide
range of v,, in the E,. = 0 limit.



Benchmark of NTV in perturbed tokamaks : Finite-E,. case @
How is the force balance relation used in NC transport theory?

Example: in Park’s formula (X = poloidal flux)
T o0
(ec- V- 1I) = fejf,gRo > f AR5 i () /0 dz [A1 + (2 — 5/2) 4] Ru(2),

dlnp e d® dinT
A, =
5% +de’ 2 dx

A = < “Driving forces” of NTV

Radial Force balance relation in torus plasmas : 4, = %(que —ut).

Impose incompressibility on the flow tangent to a flux surface: V- (nu + nu;) =0

I (dp dd
=—— (= +en— )+ K(x)B _
= eB (dX Ten dX> T H ) Note: 9/0¢ =0 is
From neoclassical theory: k(y) = k <B2>A2, nu’ = KB - V0 used here!

= ut = -T(A4; — kAg)/e : Neoclassical offset rotation

NTV can finally be rewritten in terms of ’“z ;

(eC V- H) \/_p“l Z / dﬁzzdl smm’ n K’) /(;OO dlel(x)v

e/ ’Ro & u is treated as a

driving force here.

where u; = u — [k+ fdaﬂz” )] As, Ro(z) = (z — 5/2)R1().

f dx Ry (x) 10



Benchmark of NTV in perturbed tokamaks : Finite-E,. case (@)
How are simulations with E X B rotation compared with theory?

C_ ¢ Z fdﬂCRm({L‘) ‘
ut = e fd$R11($) Az-
>1In order to avoid ambiquity coming from approximating k(e v«) 1 used in the

most analytic formulae (x ~ 1.17 in the &, v. — 0 limit), benchmarks are carried out
by setting 4> o dT/dr =0,

»In FORTEC-3D, an E, profile is given from the force balance relation with

assuming v, ~0, e.g., g, — Edilﬂﬂi . This E, profile is called “the E,, case”.
e dx

0.5

»To see the NTV dependence on E,, the E, o E/(x1.0 césez
case profile is multiplied by %+0.5, 1.0, etc. NG

> The collisionality is v« ~ 0.06(@Qr/a = 0.49), around
which the NTV becomes maximum in the E, — 0
limit.

E, [kV/m]
Norm. Collisionality

Figure: The radial profiles of ¥« and E,., (the force-
balance profile of FE,.).
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Benchmark test : (m,n)=(7,3) single-mode perturbation, Finite-E,.

Comparison of the NTV radial profile (1) Small-|E,./E, ]

NTV density [N/m?]
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-1e-04

FORTEC-3D : small [E/E,q|
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B e
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q=7/13 r/a

2e-04

1e-04

Combined formula : small |E/E,q|

T T
Egx-2.0 —-me -
Elox-1.0
Erox 0.0 ——
Erox 0.5
Erox 1.0 «-meeae
Erox 20 R

0e+00

-1e-04

i q:7/3 i i i i i
| | | | | | | |
04 045 05 055 06 065 07 075 08
r'a

€ When E, /E,, is small, single peak appears at the q=7/3 surface as in E,, = 0 case. In
the force-balance case (E, = E,, ), NTV vanishes everywhere.

€ The discrepancy b/w FORTEC-3D and the analytic formula at the resonant flux surface
becomes larger as |E, /E,| increases.
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Benchmark test : (m,n)=(7,3) single-mode perturbation, Finite-E,. &
Comparison of the NTV radial profile (2) Large-|E,./E |

E;/Ero =0 Ey/Ero = —2 Ey/Ero = —10

T T T 1.6e-04 T T T 3.5e-04 T T T
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E,/E., = 0.5
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NTV density [N/m?]
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0.0e+00 i i LT PP SN LT 8.08-05 I i
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» Twin peaks appears only in FORTEC-3D.
Peaks at the g=7/3 resonant disappears in

> At the outside region (r/a>0.6) two > the ana!ytlc f_ormulall. : : d onl
calculations agrees within a factor 0 (1) Large viscosily at /a>0.5 Is estimated only

when E. /E.. <0 in the analytic formula, when E./E:w is large

positive (negative-E, ).

» Good agreement when|E;/Eq| <1,
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Benchmark of NTV in perturbed tokamaks : Finite-E,. case
Effect of parallel flow in the Monte Carlo simulation

1.5e-02

1.0e-02

5.0e-03

0.0e+00

(u” B)Y(By vy,)

-5.0e-03

-1.0e-02

Parallel flow : r/a=0.490

FiNTV [x1 012/m28]

Flux driven by NTV : r/a=0.490

b

MM mmmmmm

M=

-

R ARORORAR
SN0 =M=
Cooooooo®

X

(74: ion collision time )

» Though u|| evolves slowly in simulation, it remains small,u| /v:, < 0.1, in the present
benchmark cases.

> The evolution of ) did not seem to affect the evaluation of NTV in the simulations

even for large E, cases, however ...
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Benchmark of NTV in perturbed tokamaks : Finite-E,. case @
Effect of parallel flow in the Monte Carlo simulation

<VHB>

Parallel flow profile

2.0e+05 E,x:20 - Flux driven by NTV : r/a=0.490
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(74: ion collision time )

» Though u|| evolves slowly in simulation, it remains small,u| /v:, < 0.1, in the present
benchmark cases.

> The evolution of ) did not seem to affect the evaluation of NTV in the simulations
even for large E, cases, however ...

»We found that the u| profiles tend to have shear around the resonant rational flux
surface when E X B rotation is large.

> Parallel flow shear viscosity, V - (mnu)u)) is a candidate to explain the twin-
peak profile of NTV. 15



Benchmark test : (m,n)=(7,3) single-mode perturbation, Finite-E,. &
NTV Dependence on the E,. amplitude (2) Total toroidal torque

» The total toroidal torque (NTV integrated on the

Comparison of the total toroidal torque

whole volume) is also compared. 010 |
» Since the analytic formula predicts larger NTV on
the outer region of plasma when E,/E., > 1, large g %
. . . =
discrepancy appears when integrated in the plasma 5
volume. g
- R
§ -005 ; \\
» Why combined analytic formula result is 2 { \
asymmetric in E,. ? " 010 s
l ' FORTEC-3D \i !
_ _ _ _ . Combined formula «-w-: L /
Too much approximation for precession drift 015 o 5 o e 10
(frequency and the direction) ? E/E, 7
—1/2 s ’
= = €74 _ 1dT,
6V -1 = —p/ K252 f[ drRa1s [u' 4200 |——* }
V2m3/2 Ry Jo Jo e dy
£ ¢ a ) 5 —
R 1 n?(1+ (Ej )‘,Q—E:r(:z 3 Y=o

ayl — E

In calculation, a rough approx. for w; is adopted.
Direction of the precession is prescribed by o, but
it may be wrong when E X B rotation is very fast.
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Consideration of viscosity from flow shear (1)

Definition of viscosity P o
Momentum balance equation : a(mnll) =-V-P+ennxB+enk +F+8,

FORTEC-3D: Evaluate the covariant product of it (e; = dx/d¢) in Boozer

coordinates < 9

a(mneg-u)>:— eg-V-F + (I xB-ec)+ 1Ty

e > A a e
P ~ Pcgr =po(¢) I + 6P bb+ 5P, (I —bb)

In Analytic formula : Evaluate B, - product of it in Hamada coordinates; use viscous
tensor instead of pressure tensor

— —

p and Il are defined on the frame | ﬁ =P —pl — mnuu

moving with the mean flow u.

Momentum balance equation expressed in somewhat different way
(B, =y'VV xV0)

<mn§(Bt—u)—l—@:— Bt-V'ﬁ>—|—(JXB'Bt)+TC

Be careful about the position This convective derivative
of the partial derivative term is usually neglected.
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Consideration of viscosity from flow shear (2)

Viscosity tensor when the mean flow is not small :

\E P = V- PC’CL + V - (mnuu) + (others)
<~
FORTEC-3D: = VPO + V- (5P\| + 5PJ_) + V. [mn(uHuE + upy + IIEIIE)]
(uE =E x B/

ExB flow shear viscosity is not considered
in present FORTEC-3D simulation

Effect of parallel flow shear (mnuju) ) is

included here in the §f simulation 1
may affect when M,~1 or u; /v, ~1.

Analytic formula:
<~ —r <~
V- II=V:(P-pI —mnuu) where u=u; +ug

Since the viscosity tensor is defined on the moving frame, large flow effect is excluded
from I1. However, the effect of convective derivative term mnu - Vu is omitted from
the momentum balance equation!

In both models, flow shear viscosity should be taken into account
when u/v, <1, M, < 1approximations are not valid.
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Summary ({

» FORTEC-3D code was applied to calculate neoclassical toroidal viscosity
in tokamak plasmas with asymmetric magnetic field.
»Benchmark tests were carried out with the combined analytic formula.

»In E,. = 0 limit :
v'Strong peak profile of NTV at the resonant flux surface.
v'Smaller NTV compared with asymptotic analytic theories.
v'Good agreement with Park’s combined analytic formula.
»In finite-E,. cases :
v As|E./E.| ( E. : force-balance value ) increases, absolute value of NTV increases in both
calculations both in FORTEC-3D and the combined formula.
v'Radial profile of NTV shows significant difference b/w two calculations when E,/E., > 1.
In FORTEC-3D simulations, a twin-peak profile of NTV appears around the resonant rational
flux surface as |E,./E,q| increases.
v Parallel flow shear in FORTEC-3D seems to affect the NTV when |E,.|is large.

Future Tasks

» Find the physical reason for the formation of the twin-peak NTV profile when |E,| is large.
® \What is missing in the combined analytic formula?
® \Why sheared parallel flow develops in FORTEC-3D simulation?
® \What happens if multi-helicity perturbations are applied?

» Investigate the collisionality dependence of NTV when E,. # 0.
® |s NTV really scales as v ~ /v as analytic theory predicts?

» Is finite-orbit-width effects (included only in the §f simulation) on NTV important?
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