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* Introduction to intrinsic rotation

* Part 1: Turbulent momentum pinch of diamagnetic
flows = Peaked rotation profile due to strong
pedestal in H-mode

* Part 2: Sign reversal of the momentum transport
by non-Maxwellian equilibria = From peaked to
hollow profile due to the change in collisionality
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Introduction



Measurement of intrinsic toroidal rotation (1

* H-mode: peaked profile 40
in the co-current
direction

* L-mode: both peaked ,_,20
and hollow profiles Z

* A sign change at mid- E 0
radius due to an internal
momentum —
redistribution -20

* Low flow regime
(subsonic) _40
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Measurement of intrinsic toroidal rotation (2
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radial profile of rotation

«  Without external source, the radial transport of the toroidal angular
momentum is

Ve _

II =11,,; — \PcniiriiRVg_ 3<<nz-mz- or 0
70 pinch diff?lgion
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Intrinsic momentum transport determines the

radial profile of rotation

«  Without external source, the radial transport of the toroidal angular

momentum 1is

Ve _

II = 11,,,; —\Pgnz-iriiRVg—zgcnimi or 0
70 pinch diff?lgion
P e | P P
>  Ve(0) = Ve(a)exp (—fr) —/ exp (—r)
(0)=Vela) X¢ r=0 MiM;R X¢

 Fixed velocity boundary condition at r=a :
Momentum source and sink at the wall
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Intrinsic momentum transport determines the

radial profile of rotation

«  Without external source, the radial transport of the toroidal angular
momentum is

oV,
II = Il — Penym RV — xemymy; "
NN — 2 87“/
70 pinch diff?lgion
P A I P P
>  Ve(0) = Ve(a)exp (—fr) —/ exp (—r)
¢(0) = V¢ (a) ” o miR »

 Fixed velocity boundary condition at r=a :
Momentum source and sink at the wall
e Inward pinch % > 0 and diffusion out X¢ > 0

» The sign of intrinsic flux at outer radius determines the velocity direction
in the core

(If IT(V = 0,0V/0r = 0) > 0 around the edge, then V(r =0) <0 )
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No intrinsic momentum flux in the lowest order

* No intrinsic toroidal angular momentum flux in the
lowest order for an up-down symmetric tokamak

|
Example: ballooning ITG 6711 (2)

Hl ((97 ([E kaz) — _Hl(_ea —Uy, _kx)

where 1l «x Re [iky¢>{hlv ] Parra et. al. PoP (2011)
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Symmetry of the momentum transpor

LEE & BARNES [Wienna Workshop 2013



Types of intrinsic momentum transport

e Phenomena that

* Up-down asymmetric tokamak

Dreak the symmetry

Global profile effect on turbulence

Neoclassical flow effect on turbulence
dlnp B p

Vp v
dr " ByL, "

U X Ar
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Hicher-order effects in Gyrokinetic equation




Neoclassical parallel heat flow can also break the

symmetry of turbulence

* Neoclassical distribution function in the higher order
distribution function :

u B,
Fl :Fl I _I_qull _I_FlotherN B_ep FO
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Neoclassical parallel heat flow can also break the

symmetry of turbulence

* Neoclassical distribution function in the higher order
distribution function :

u B
Fl _ Fl [ 4+ qull + Flother N B—P*Fo
: . . 0
* Neoclassical parallel particle flow piece:

u mu|u op JT 1 3 u
F1 I — T FO Whel‘e ’u,” (E’ E,V = ﬁ dv ’UHFl [
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Neoclassical parallel heat flow can also break the

symmetry of turbulence

* Neoclassical distribution function in the higher order
distribution function :

u B
Fl _ Fl [ 4+ qull + Flother N B—P*Fo
: . . 0
* Neoclassical parallel particle flow piece:

w MUY op T ,\ 1 3,
Fl [— TFO where u| (E’Eﬂ/ = 5 dv UllFl

* Neoclassical parallel heat flow piece:

2 Mo 2 5 Op 0T 1/ mu?
q _ £muq fmvs o r i R R A fad
B =57pr (2T 2>F0 where g (ar’ar’” n) T
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Neoclassical parallel heat flow can also break the

symmetry of turbulence

* Neoclassical distribution function in the higher order
distribution function :

u B
Fl _ Fl [ 4+ qull + Flother N B—P*Fo
: . . 0
* Neoclassical parallel particle flow piece:

u mu|u op JT 1 3 u
F1 I — T FO Whel‘e ’u,” (E’ E’V = ﬁ dv ’UHFl [

* Neoclassical parallel heat flow piece: 2
2 T 1
Fi = 2 mujq) (m’v B §> F, where g (@ or y*) _ _/dvgv” mu Y

5 PT o 2 or’ or’ n )

OF, op OT . 9%p 9T Ov*
H(FMWP") H<arvaral/7ar27ar27arv°“
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Part 1. Turbulent momentum
pinch of diamagnetic flows



Momentum transport for ExB flow and

diagmagnetic flow are different

* There are two types of toroidal rotation (Assume small

poloidal rotation)

9% op
0 Zen; O

Ex B flow diamagnetic flow

 Difference between two types of rotation

Toroidal rotation source | Origin Time scale Effects on particle motion
Radial electric fields Force balance Momentum | Change in orbit and
transport energy
Pressure gradient Energy and Energy No change in orbit and
particle transport | transport energy. Only particle flux
difference
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types of rotations cancel each other

* Different pinch and diffusion coefficients for two
types of rotation generate intrinsic momentum

transport
Q¢ o

1= II
or X or
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types of rotations cancel each other

* Different pinch and diffusion coefficients for two
types of rotation generate intrinsic momentum
transport

M= 10, —miR* [P e + PepQe ) -

00 E 0
XCE or X or

Pep— P B 0
[H;nt m; R? ( E 5 C’p> Q. p = ) — miR? (XC,E XC,p> ((9 GE aQCm)]

2 or or

-~

Hint

Pep+P + 0 o)
| p2 [ LGE T G o p2 [ XGE T XGp ¢E ¢:p
e (B85 ) 00| - e (R332 ) (S5 + )|
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types of rotations cancel each other

* Different pinch and diffusion coefficients for two
types of rotation generate intrinsic momentum
transport

M= 10, —miR* [P e + PepQe ) -

00 E 0
XCE or X or

Prp—P X¢,E — X MNep Kl
H/ ) 2 C)E C?p | | ) 2 C? Cap C? o P
[ nt m'LR ( 2 (QC7E QCap) mq’R 2 6/’a arr-

-~

Hint

Pep+P + 0 o)
| p2 [ LGE T G o p2 [ XGE T XGp ¢E ¢:p
e (B85 ) 00| - e (R332 ) (S5 + )|

. Op;, 0°p;
Hint = (87“ ' Or? )
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Momentum pinch for diamagnetic flow is bigger

than that for a ExB flow

* Li ' rotation
The ratio of momentum pinch Linearity on the rotatio

(1 = —Prm; R*Q) to heat flux holds
000bge=zz o - """ ] L P !
] TR Y-l + | * Different factors o
S ~0.02} Ts see. T } ; rotation peaking due to
2 TSls.L | the momentum pinches
= | ~~~*~ ]
2 OO Qge = Qg Q=0 i 1 5’QC PC
- 1@ Qcp=Q Qe =0 IR — >
00501 § Qe =- O Q= Qi 4 QC or X¢
0.0 o1 02 03
(QexR o) Ay

R/Lr =9.0,R/L, =9.0,q = 2.5,7/a=0.8,R/a =3.0,5 = 0.8

Pr=2%% = 0517

Xi
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Momentum pinch for diamagnetic flow is bigger

than that for a ExB flow

The ratio of momentum pinch Linearity on the rotation

(Il = _PcmiR2QC) to heat flux holds
O-OO;i;:::;: ————————————————————— - .
] TEes, Y-l + | < Different factors of
S ~0.02} s see. T } | rotation peaking due to
2| AN | the momentum pinches
o ~0.04| ¥ Qe = Qry Qro=0 \*::\ :  Radial electric field driven
= ¥ Qe =0 Qgp = S |
T 0O = O Qe =0 RN O
—006~§ P T e BGE I | PCaE/XC ~ 29/R0
B § QC,E = 'QCXI Qc,pz QCX |
00 o1 02 03 * Pressure gradient driven
(QexR o) Ay
R/Ly = 9.0, R/L, = 9.0,q = 2.5,r/a = 0.8, R/a = 3.0,5 = 0.8 ng /XC ~ 35/R0
Pr= % — 0.517
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type of rotations

e In lab frame, there is an additional acceleration term due to the radial
electric field = Origin of the different pinches: the energy of the
particle changes not by pressure gradient but by radial electric field

o5
ot

(v,,i) v+ %V(qﬁo + (%)) x b) viD _

c A e, -
= EV(qbtb) xb- VP + —[v)b+ V] - V(') 22—

7 o (L)
He"M Vo gE
o (L)
o~ | o)

OF
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type of rotations

e In lab frame, there is an additional acceleration term due to the radial
electric field = Origin of the different pinches: the energy of the
particle changes not by pressure gradient but by radial electric field

B, . c i )y | Ze ot
8t (’U”b +vVyp + EV(¢O = <¢ )) X b) Vf EVM Vo Yo
c 5 ope W o afsH
= 5 V(6°) x b V1" + Zlob + vu] - V(#) - + C(f)

* In the frame rotating with total toroidal flow, (l; = )¢ g + Q¢ p
the Coriolis terms due to the total flow, but energy correction due to () ,

0 , - Qe -
(& +QcRC- v) b+ (o = =52 x Vit var + ve - %vwb) x b) - VfiY

Ze 3ft(f) _c ~ Ze, - 8f(R)

V(o™ x b- VP 4 ~foyb+var +vel V(™)L 4 O (f;)

201 R
Where ve = b x [(VR x () x b] 1is the drift due to the Coriolis force.
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Rotation peaking due to positive diamagnetic flow

and negative ExB flow varies by parameters

Rotation peaking (IT < Q) when Q¢ = Q¢ g+ (¢ ,=0
(Qe.gR=-0.3 and QC,pR =0.3 )
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Strong ressure radlent in the pedestal results in a

 In the pedestal, a negative radial electric field is generated to
balance the strong radial pressure drop

Qe.p~ = p <0

 Rotation peaking can be significant due to the strong
pressure drop

(e.g. for a pedestal with AT, ~ —1keV, Ar ~ lecm, and By ~ 0.57
2> Q¢ pRo ~ 200km/s at the pedestal

(¢
> Q¢ Ry ~ _aaa Rg ~ 0.4Q¢ , Ry ~ 80km/s at the core)
r
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The acceleration due to radial electric field results

in Intrinsic momentum transport

« The difference between two momentum pinches are caused
by acceleration term

Ze 0 th
VM'vwaC — Oy Ro=0.3vy, Q eRo=-0.3vy
m;cC OF ¢,pR0=0.3Vvy, Qr eRo=-0.3vy

Tk QC,ERO:O- 3 Vi

10— | 1.0] _
0.8} 0.8} ]
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= : :
& 0.41 0.4} .
£ : : :
= 0.2} 0.2} ]
0.0 0.0 ]
S S R E 4

O[radian]
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Part 2. Sign reversal of the
momentum transport by non-
Maxwellian equilibria



